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iy hrough the medium of the ARS SPACE 
FLIGHT REPORT TO THE NATION, the 
American Rocket Society, during the week 
of October 9-15, 1961, in New York Coliseum, 
will present a thorough and comprehen- 
sive review of the U. S. space program. 


The SPACE FLIGHT REPORT TO THE 
NATION will present for the first time 
under one roof a complete review of the most 
significant work being done in each of the 
major technical disciplines contributing 

to current progress in rocketry, missiles, 
and space flight, and one of the largest 
and most extensive technical exhibits ever 
undertaken in these fields. 


More than 300 technical papers will detail 
major space projects; will explore problems 
that must be solved to insure further, 
faster progress; and will stimulate pene- 


trating discussions by outstanding au- 
thorities in the audience. 


There will be three floors of technical ex- 
hibits and displays by more than 350 
manufacturers, suppliers, engineering or- 
ganizations, and governmental agencies, 
disclosing latest achievements, concepts, 
products, and ideas. 
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ARS SPACE FLIGHT 
REPORT TOTHE 


NATION will present: _ 


@ Under one roof, at one time, in one 
place the most comprehensive review of 
all the contributing technologies to the 
U. S. space effort. 


@ Forty-two specialized technical ses- 
sions, all on the same floor with comfort- 
able lounge areas and conference rooms 
for informal discussions. 


@ Three unique Space Flight Report 
panels that will explore and interpret 
space missions, space vehicles, and the 
global impact of space events for the 
technical community at large. 


@ A new exhibiting technique called 
“Exhibiting in Depth”, permitting for 
the first time 3-dimensional displays 
with the main aisle running through 
the booths instead of by them. 


@ Main exhibit organized by NASA and 
DOD, representing U. S. space capa- 
bility, which will be 88’x50’ in floor 
area and will extend 60’ into the air. 


®@ The history, purposes, and plans of 
ARS graphically displayed in a booth 
designed by Raymond Loewy. 
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program information or exhibit space 
contact 
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Wernher von Braun, Chairman 


Harold Boyer 
Detlev W. Bronk 
Overton Brooks 
Milton U. Clauser 

James R. Dempsey 


Gen. James H. Doolittle 
C. Stark Draper 


Hugh L. Dryden 
Trevor Gardner 
Mrs. Robert H. Goddard 
Harry F. Guggenheim 
Willis M. Hawkins 
Rear Adm. John T. Hayward 
Samuel K. Hoffman 
Robert H. Jewett 
Arthur Kantrowitz 
Dan A. Kimball 
Maj. Gen. John B. Medaris 


George F. Metcalf 
Maj. Gen. Don R. Ostrander 
William H. Pickering 
Richard W. Porter 
Simon Ramo 
Harold W. Ritchey 
Lt. Gen. Bernard A. Schriever — 
Howard S. Seifert 
Abe Silverstein 
Col. John P. Stapp 
George P. Sutton 
Maj. Gen. Holger N. Toftoy 
George S. Trimble, Jr. 
Lt. Gen. Arthur G. Trudeau 


Harold Urey 
heodore von Karman 
Alan Waterman 
Elmer P. Wheaton 
Herbert F. York 


ommi 


JOURNAL 


A PUBLICATION OF THE AMERICAN ROCKET SOCIETY 


EDITOR Martin Summerfield 
ASSOCIATE TECHNICAL EDITOR Irvin Glassman 
MANAGING EDITOR Margaret Sherman a 
STAFF EDITOR’ Barbara Nowak 
ART EDITOR = John Culin ae 


ASSOCIATE EDITORS 


Igor Jurkevich, G. E. Space Sciences Laboratory, Russian Supplement; 
George F. McLaughlin, Patents; Charles J. Mundo Jr., Raytheon Co., 
Guidance; Bernard H. Paiewonsky, Aeronautica! Research Associates 
of Princeton, Flight Mechanics; M. H. Smith, Princeton University, 
Technical Literature Digest 


ASSISTANT EDITORS 


Carol Falcetti, Eleanor Rosman, Carol Rubenstein 


DIRECTOR OF MARKETING 
Owen A. Kean 


Walter Brunke 


ADVERTISING REPRESENTATIVES 


New York Los Angeles 
D. C. Emery and Associates James C. Galloway and Co. 
400 Madison Ave., New York, N. Y. 6535 Wilshire Blvd., Los Angeles, Calif. 
Telephone: Plaza 9-7460 ae Telephone: Olive 3-3223 
4 

Chicago Detroit 
Jim Summers and Associates = eh R. F. Pickrell and Associates 
35 E. Wacker Dr., Chicago, Ill. ~ % 318 Stephenson Bldg., Detroit, Mich. 
Telephone: Andover 3-1154 Telephone: Trinity !-0790 
Atlanta London 
Joe H. Howell B. C. Nichols 

151 Fleet St. 


1776 Peachtree "474 Atlanta 9, Ga, 


Telephone: 873-21 London E. C. 4, England 


American Rocket Society 


= 
00 Fifth Avenue, New York 36, N. Y. 

Founded 1930 


OFFICERS 
President Harold W. Ritchey 
Vice-President William H. Pickerin 
Executive Secretary James J. Harfor 


Robert M. Lawrence 
Andrew G. Haley 
Irwin Hersey 


Treasurer 
General Counsel 
Director of Publications 


BOARD OF DIRECTORS 
(Terms expire on dates indicated) 


Ali B. Cambel 1962 Samuel Herrick 1963 
Richard B. Canright 1962 Arthur Kantrowitz 1963 
William J. Cecka, Jr. 1963 A. K. Oppenheim 1961 
James R. Dempsey 1961 Simon Ramo _ 1963 
Herbert Friedman 1962 David G. Simons 1961 
George Gerard 1961 John L. Sloop 1961 
Robert A. Gross 1962 Martin Summerfield 1962 

Abe M. Zarem 1963 


TECHNICAL COMMITTEES AND CHAIRMEN 


Astrodynamics, Robert M. L. Baker, Physics of the Atmosphere and Space, 
Jr. Herbert Friedman 
Communications and Instrumenta- Power Systems, John H. Huth 


tion, Frank W. Lehan P Nant Céasbustt 
Electric Propulsion, Ernst Stuhlinger "Nichole, Peter L.. 


Guidance and Control, James S. Ramjets, William H. Avery 


Farrior 
Human Factors and Pioastronautics, Solid Propellant Rockets, G. Daniel 


Eugene B. Konecci rewer : 
Hypersonics, William H. Dorrance a Law and Sociology, Andrew G. 
Liquid Rockets, Martin Goldsmith s aley ‘ 
Magnetohydrodynamics, Milton M. tructures and Materials, George 
Slawsky Gerard 
Missiles and Space Vehicles, William Test, Operations, and Support, Pern- 
- Duke hardt L. Dorman 
Nuclear Propulsion, Robert W. Underwater Propulsion, Herman E. 
Bussar Sheets 


862 


4 


Scope of ARS JOURNAL 


This Journal is devoted to the advancement 
of astronautics through the dissemination of 
original papers disclosing new scientific knowl- 
edge and basic applications of such knowledge. 
The sciences of astronautics are understood 
here to embrace selected aspects of jet und 
rocket propulsion spaceflight mechanics, high 
speed aerodynamics, flight guidance, space 
communications, atmospheric and outer space 
physics, materials and structures, human envi- 
neering, overall system analysis and possil)ly 
certain other scientific areas. The selection 
of papers to be printed will be governed by 
the pertinence of the topic to the field of astv- 
nautics, by the current or probable futire 
significance of the research, and by the im- 
portance of distributing the information to '\e 
members of the Society and to the profession 
at large. 


Information for Authors 


Manuscript must be as brief as the pro; er 
presentation of the ideas willallow. Exclusion 
of dispensable material and conciseness of « x- 
pression will influence the Editors’ acceptane 
of a manuscript. In terms of standard-s:ze 
double-spaced typed pages, a typical max 
mum length is 22 pages of text (including 
equations), 1 page of references, 1 page of 
abstract and 12 illustrations. Fewer illust:a- 
tions permit more text, and vice ver-s. 
Greater length will be acceptable only in «x- 
ceptional cases. 

Short manuscripts, not more than one 
quarter of the maximum length stated for full 
articles, may qualify for publication as Te«|i- 
nical Notes or Technical Comments. They 
may be devoted to new developments requir- 
ing prompt disclosure or to comments on 
previously published papers. Such manu- 
scripts are published within a few months of 
the date of receipt 

Sponsored manuscripts are published occa- 
sionally as an ARS service to the industry. A 
manuscript that does not qualify for publica- 
tion, according to the above-stated require- 
ments as to subject, scope or length, but which 
nevertheless deserves widespread distribution 
among jet propulsion engineers, may be 
printed as an extra part of the Journal or as 
a special supplement, if the author or !:'s 
sponsor will reimburse the Society for actual 
publication costs. Estimates are available on 
request. Acknowledgment of such financial 
sponsorship appears as a footnote on the first 
page of the article. Publication is prompt 
since such papers are not in the ordinary 
backlog. 

Manuscripts must be double spaced on one 
side of paper only with wide margins to allow 
for instructions to printer. Include a 100 to 
200 word abstract. State the authors’ posi- 
tions and affiliations in a footnote on the first 
page. Equations and symbols may be hand- 
written or typewritten; clarity for the printer 
is essential. Greek letters and unusual sym- 
bols should be identified in the margin. If 
handwritten, distinguish between capital and 
lower case letters, and indicate subscripts and 
superscripts. References are to be grouped at 
the end of the manuscript and are to be given 
as follows. For journal articles: Authors 
first, then title, journal, volume, year, page 
numbers; for books: Authors first, then title, 
publisher, city, edition and page or chapter 
numbers. Line drawings must be clear and 
sharp to make clear engravings. Use black 
ink on white paper or tracing cloth. Lettering 
should be large enough to be legible after re- 
duction. Photographs should be glossy prints, 
not matte or semi-matte. Each illustration 
must have a legend; legends should be listed 
in order on a separate sheet. 

Manuscripts must be accompanied by 
written assurance as to security conchae in 
the event the subject matter lies in a classified 
area or if the paper originates under govern- 
ment sponsorship. Full responsibility rests 
with the author. 

Preprints of papers presented at ARS meet- 
ings are automatically considered for publica- 
tion. 


Submit manuscripts in duplicate (orig- 
inal plus first carbon, with two sets of 
illustrations) to the Managing Editor, ARS 
JOURNAL, 500 Fifth Avenue, New York 36. 
N.Y. 


ARS JOURNAL is published monthly by the 
American Rocket Society, Inc. and the Amer- 
ican Interplanetary Society at 20th & North- 
ampton Sts., Easton, Pa., U.S. A. Editorial 
offices: 500 Fifth Ave., New York 36, N. Y. 
Price: $18.00 per year, $3.00 per single copy. 
Second-class postage paid at Easton, Pa., with 
additional entry at New York, N. Y. This 
publication is authorized to be mailed at the 
special rates of postage prescribed by Section 
132.122. Notice of change of address should 
be sent to the Secretary, ARS, at least 30 days 

rior to publication. Opinions expressed 
io are the authors’ and do not necessarily 
reflect the views of the editors or of the 
Society. © Copyright 1961 by the American 
Rocket Society, Inc. 
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Psychological and Social Problems of 
Man in Space—a Literature Survey 


work load. 


A REVIEW Of space literature shows that the primary 
emphasis in research has been on engineering —designing 
the space vehicle to get man into space, and providing the 
proper closed ecological system, the necessary controls, 
displays and equipment to make it possible for him to survive 
there. This phase of research has involved studying man and 
his physiological needs, and analyzing human tolerances to 
environmental variances. An accompanying, but less em- 
phasized phase has been concerned with the study of the 
psychological and social problems of man in space. 

Such problems warrant careful study for prolonged orbits or 
interplanetary flights lasting months or even years. It is not 
to be expected that they would create hazards in a short-term 
space flight such as one orbit around Earth. 

An alphabetized and annotated bibliography will be given 
of the space literature pertaining to the psychological and 
social problems of man in space. Citations listed are un- 
classified unless otherwise noted. All titles are unclassified. 
To facilitate ordering items listed in the Technical Abstract 
Bulletin (TAB) of the Armed Services Technical Information 
Agency, ASTIA document (AD) numbers have been given 
when known. 


General Surveys 


The complexities of the psychophysiological (human) 
iactors involved in sending man out into space have been 
examined in numerous general surveys. 

In an excellent historical account, Generales (49)? indicates 
the wide scope of research in space medicine. As early as 
1949, Armstrong, Haber and Strughold (9) included psy- 
chological factors in an analysis of the aeromedical problems 
of space travel. 


Received May 8, 1961. 
' Reference Librarian and Bibliographer. 


1961 


When, as was commonly the case, I had none to 

commune with, I used to raise the echoes by striking 

with a paddle on the side of my boat, filling the 
surrounding woods with circling and dilating sounds. 


—HENRY DAVID THOREAU, Walden 


space, far removed from the sounds and sights of his natural environment? 


B. D. GOODMAN! 


System Development Corp. 
Santa Monica, Calif. 


What type of man will be able to endure for months or even years the vast silence and loneliness of 


What type of man can 


remain alert and maintain his performance, deprived of ordinary sensory stimuli, enclosed in the 
cramped quarters of a space capsule as it leaves Earth and all that is familiar? 

It is the purpose of this bibliography to bring together the reports, books and periodical articles 
published through the early part of 1961 dealing with the specific area of behavioral science related 
to space flight, or as it is sometimes called ‘“‘space psychology. 
confinement, isolation, sensory deprivation, weightlessness, psychological assessment and training, 
motivation and morale, emotional stability, boredom and fatigue, performance under stress, and 


This area includes problems of 


Konecci (86) presents a clear-cut tabular breakdown of 
possible human factor problem areas under main subject 
headings of physiological, human engineering, and psy- 
chological-social. A U. S. Senate report (146) defines the 
broad field of investigation in life sciences related to the 
national space effort; Flickinger (48 and 44) reviews the U.S. 
Air Force programs. 

A collection of papers (41) presented at the 1960 Symposium 
on Psychophysiological Aspects of Space Flight held at the 
USAF School of Aviation Medicine surveys the varied re- 
search in progress. In a recent volume (122), Sells and Berry 
bring together payers which demonstrate the contributions of 
aviation medicine and human factors sciences. 

Goshen (60 and 61) clearly delineates between the closely 
linked fields of psychological and physiological research in 
space medicine. Other views which are important for an 
understanding of the strictly psychological problem areas are 
presented by Hauty (64, 65 and 66), Michael (96), Peters 
(108) and Mundy-Castle (100). 

The limited extent of Russian interest in space psychology 
is indicated by the scarcity of published material which can 
be found from that source. Although Russian documentation 
in space technology and the physiology of space medicine is 
plentiful, relatively scant attention is paid to the psycho- 
logical problems surrounding man in space. Shternfeld (124) 
includes one brief chapter on man in space in his Soviet Space 
Science. Platonov (110) deals with the psychological aspects 
and emphasizes the value of astronaut training. 


Confinement, Isolation and Sensory Deprivation 


The nature of confinement stress has been defined to 
include both isolation and sensory deprivation. According to 
Flaherty et al. (42), sensory deprivation refers to the overall 


Numbers in parentheses indicate Annotated Bibliography. 
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quence of this—separation from more complex, meaningful 
environmental signals. 

Actual experiences of submarine crews (76, 83, 84, 101 and 
128) have produced valuable information on the reactions of 
men confined in cramped quarters for a long period of time. 
This problem related to space flight crews has been considered 
in several simulation studies at the Air Crew Equipment 
Laboratory, U. 8. Naval Air Material Center (20, 21, 47, 48 
and 62). 

Ruff (114) points to the emotional strain of isolation on the 
space traveler and emphasizes the need for quantity and 
variety of information inputs. Reports on Arctic expeditions 
(17, 36 and 99) which isolated man in an unusual environment 
and indicated the importance of careful evaluation of yer- 
sonnel to withstand such stress have provided factual back- 
ground material for the space psychologist. 

An indication of the “aloneness’’ man experiences far from 
Earth has been reported in studies of reactions of pilots at high 
altitudes. One of these reactions, called the “breakoff 
phenomenon” or “detachment,’’ is discussed by Clark (27), 
Clark and Greybiel (28) and Giffen (58). 

An extensive amount of research has been conducted in the 
field of sensory deprivation, beginning with the McGill 
studies in 1951 (14, 69, 70, 73, 74 and 75). Later research 
inciudes that of the Massachusetts Mental Health Center (46 
and 71), the Research Center for Mental Health, New York 
University (59, 77, 78 and 79), the Human Resources Research 
Office, George Washington University (98), the Psychi- 
atric Research Laboratory, Boston City Hospital (152), 
and the Aero Medical Laboratory, Wright Air Development 
Division (32 and 118). A symposium on the subject (132) 
was held at Harvard Medical School in 1958. 

Several bibliographic reports and surveys are of interest 
here. Wheaton (154) explores the background of sensory 
deprivation studies and surveys the anecdotal and clinical 
literature. Scott (120) reviews literature on the intellectual 
effects of perceptual isolation. Weybrew and Parker (153) 
have compiled a comprehensive bibliography on sensory 
deprivation, isolation and confinement. 


Weightlessness 


Man’s proficiency in space will depend to a great extent on 
his ability to adapt to the weightless state, a condition which 
has been experienced by subjects for seconds only. 

Investigations reported by Gerathewohl (50, 53, 54 and 55), 
Gerathewohl and Ward (57) and Von Beckh (150) have con- 
tributed to the understanding of human reactions at zero-g. 
Schock (119) and Lansberg (89) note the difficulties of 
adapting to weightlessness and the training implications. 


Psychological Assessment and Training 


The psychological assessment and selection of astronauts 
involves the determination of personality types most suited 
to the mission and an investigation of the motivation and 
attitudes of the space candidate. 

Slater (130) feels that purely psychological problems do not 
offer any special difficulties in space flight if judicious choice 
of personnel is accomplished. Silverman et al. (126) have 
concluded that dynamic interviews and psychologic testing 
can weed out those candidates with major defects in ego inte- 
gration. Gerathewohl (51 and 52), Levine (91) and Ruff and 
Levy (117) discuss psychiatric and psychological testing 
methodology used to develop an understanding of the sub- 
ject’s personality. 

Candidate evaluation for Project Mercury is summarized 
by Ruff and Levy (116), Konecci (87) and Wilson (159). 
The Project Mercury training program is outlined by New- 
bauer (103). Simons (127) describes testing of candidates for — 
high altitude balloon flights. = 


decrease in sensory stimulation, and isolation to one conse- __ 


Beyer and Sells (15) and Sells and Berry (121 and 123) 
present a comprehensive analysis of space crew requirements 
related to psychological adaptability. Flinn (45) appraises 
the desirable personality characteristics of an effective space 
man. 

Gerathewohl (51 and 52) and Solomon (131) analyze the 
important role of motivation in the emotional reactions of the 
space traveler. Nehnevajsa (102), Peters (108) and Rohrer 
(113) point out that the study of interaction in small groups is 
important as a basis for selection of space crews of the future. 

Because man must be trained for space in a ground environ- 
ment, his conditioning must be in the form of simulation of 
situations that he will encounter. Summary descriptions of 
equipment design (1, 107 and 112) are good basic reading for a 
consideration of the many stresses which must be simulate:i. 

An evaluation of the role of simulators in training is given 
by Eckstrand and Rockway (35), Balke (11) and Gerathe- 
wohl (56) review several significant experimental studies, 
Other simulation experiments at the USAF School of Avia- 
tion Medicine are reported by Hawkins (68), Steinkamp nd 
Hauty (136), Steinkamp and Hawkins (137), Steinkamp e: al. 
(138) and Strughold (141). 


Fatigue, Performance and Work Load 7 


In maintaining his performance, one major problem the 
astronaut faces is fatigue resulting from boredom, prolonged 
commitment to a skilled task, monotonous environment :ind 
loss of sleep. 

According to Cunningham (31), the welfare of the space 
passenger and the success of his mission may well depend upon 
keeping him fully occupied with as great a variety of activities 
as possible. Jackson (82) points to the need for more con- 
sideration of the kind and quantity of controlling work that a 
pilot can do, and Lowry (94) suggests possible duties of a 
hypothetical crew. 

Experimental studies by Gaito et al. (47) indicate that 
simple routine tasks should be minimal and should be supple- 
mented with more complex tasks requiring higher level be- 
havior. Payne (106) stresses the importance of work and 
living space requirements, and Hauty (65) charts operator 
proficiency and hours of work during simulated flights. 

The role of fatigue in relation to work proficiency is dealt 
with in detailed reports by Hauty and Payne (67), Adams (2) 
and Kraft (88). 

Fitts (40) reviews procedures expected to lessen the effects 
of adverse environments on skilled performance. Hartman 
(63) and Miller (97) study the factor of information overload. 


Bibliographies and Other Information Sources 


Many comprehensive bibliographic reports and current 
information sources in the broad area of space medicine pro- 
vide useful reference material for the study of man-in-space 
psychology. 

Aerospace Medicine, monthly publication of the Aerospace 
Medical Association, includes a regular section, ‘Abstracts of 
Current Literature.” The National Library of Medicine 
compiles the monthly Index Medicus, which has a subject 
breakdown “Space Flight—Psychology.’”’ The Institute of 
the Aerospace Sciences, in cooperation with the National 
Science Foundation and the Air Force Office of Scientific 
Research, began in January 1961 to issue International 
Aerospace Abstracts, a monthly publication replacing the 
section ‘Aerospace Reviews”’ in Aerospace Engineering. 

Other valuable sources of information are the Technical 
Abstract Bulletin of the Armed Services Technical Informa- 
tion Agency (ASTIA); Psychological Abstracts, the American 
Psychological Association; Air University Periodical Inde., 
Air University Library, Maxwell Air Force Base; and the 
Bulletin of the Public Affairs Information Service. ASTI‘ 


ARS Journa! 


Ann 


space 
Engi! 
troni 

De 
train 
logic: 
futur 
envir 
the s 
foun 
or Ca 
baek 


prob 
flight 
Deve 
Air | 
May 

Di 
to d 
induc 
isola 
120 | 


and | 
cones 
Colle 
no. 7 

Re 
years 
ego-i 
dow! 
of de 
ditio 
tioni 


and 
cones 
necti 
Sup} 
O86, 


form 

AST 

Va., 
Lis 


also | 
astro 
Jet 
prep: 
Astr¢ 
Astr 
Tk 
? 
( 
form 
AST 
Va, 
Lis 
Matt 
litera 
is Col 
form: 
64 


astronautics (5 through 8). 


Jet Propulsion Laboratory, Pasadena, Calif., is currently 
preparing and distributing two monthly _ publications: 
Astronautics Information: Open Literature Survey and 


Astronautics Information: Abstracts. 


The most comprehensive recent bibliographies in the 


Annotated Bibliography 


Ackerman, M., ‘‘An integrated 
space-flight simulator,’’ Institute of Radio 
Engineers, Transactions on Military Elec- 
tronics, vol. MIL-3, no. 3, July 1959, pp. 
92-98. 

Deseribes a simulator for space flight 
training designed to integrate the physio- 
logical and psychological stresses on the 
future space crew and provide a complete 
environment for experimentation. Early 
phasing of the integrated simulator with 
the space vehicle is suggested as a better 
foundation for design of the space cabin 
or capsule than sole dependence on feed- 
back from early flights. 


2 Adams, O. S., ‘‘Aircrew fatigue 
problems during extended endurance 
flight; Phase I: Planning,’ Wright Air 
Development Center, Wright-Patterson 
Air Force Base, Ohio, W A DC-T R-57-510, 
May 1958, 86 pp. 

Discussion of an experimental program 
to determine the effects of confinement- 
induced stresses on a five-man crew 
isolated in a flight station for a period of 
120 hr; 129 references. 


3 Applezweig, Mortimer H., comp. 
and ed., ‘Psychological stress and related 
concepts: A bibliography,’’ Connecticut 
College, New London, Conn., Tech. Rep. 

.?, AD 158 085, Dec. 1957, 185 pp. 

References cover a period of some 30 
years and deal with studies of anxiety, 
ego-involvement, frustration, —break- 
down, conflict, tension, fatigue, excessive 
stimulation, understimulation, extremes 
of deprivation or of environmental con- 
ditions, pressure, and emotional condi- 
tioning. 


4 Applezweig, Mortimer H., comp. 
and ed., ‘Psychological stress and related 
concepts: Indices to bibliography,’’ Con- 
necticut College, New London, Conn., 
Supplement to Tech. Rep. no. 7, AD 158 
086, Jan. 1958, 35 pp 


5 Armed Services Technical In- 
formation Agency, ‘‘Bio-astronautics: An 
ASTIA report bibliography,’’ Arlington, 
Va., AD 306 007, Feb. 1959, 9 pp.; secret. 

Lists 48 references from 1952 to 1958. 


6 Armed Services Technical In- 
formation Agency, “Bio-astronautics: An 
ASTIA report bibliography,” Arlington, 
Va, AD 211 775, Feb. 1959, 157 pp. 

Lists 919 references. Covers the subject 
matter through 1958 insofar as report 
literature, represented by ASTIA holdings, 
is concerned. 


7 Armed Services Technical In- 
formation Agency, ‘‘Bio-astronautics: An 


Juty 1961 


also publishes regular bibliographies of reports received in bio- 


(3 and 4) ~ 


&* 
ASTIA report bibliography,” Arlington, 


Va., Supplement to AD 211 775, AD 
233 000, Feb. 1960, 43 pp. 

Previous bibliographies have covered 
the literature on bioastronautics through 
1958. This supplemental bibliography 
brings the subject matter up to date 
through 1959 insofar as report literature, 
represented by ASTIA holdings, is con- 
cerned. 


8 Armed Services Technical In- 
formation Agency, ‘‘Bio-astronautics: An 
ASTIA report bibliography,’ Arlington, 
Va., AD 315 200, Feb. 1960, 11 pp.; secret. 


9 Armstrong, Harry, Haber, Heinz 
and Strughold, Hubertus, ‘Aeromedical 
problems of space travel,’”’ J. Aviation 
Medicine, vol. 20, Dec. 1949, pp. 383-417. 

Points out that even if the mechanical 
problems concerned with space flight were 
solved, there would still remain the 
physiological-psychological problems of 
man in space. 


10 Askren, W. B., *‘Man functions in 
space flight,’ Wright Air Development 
Division, Wright-Patterson Air Force 
Base, Ohio, AD 238 480, 1959, 10 pp. 

Presented to the Panel on Psychology 
of the Armed Forces-NRC Committee on 
Bio-Astronautics, in Washington, D. C., 
Dec. 2, 1959. The hypothetical activities 
of a three-man crew of an Earth-to-moon 
flight are analyzed and the following 
selection criteria suggested: sensory abili- 
ties, such as vision and hearing; mental 
abilities, such as general intelligence, 
computational skills and problem solving 
ability; motor skills, such as tracking 
skill and response times; tolerance to 
physiological stress, such as high g, 
heat and cold; and adaptation to new 
experiences (psychological stress), such as 
confinement, new food forms and crew 
interaction. 


11 Balke, Bruno, “Experimental 
studies on the conditioning of man for 
space flight,’ Air University Quarterly 
Review, vol. 11, no. 1, Spring 1959, pp. 
61-74. 

Discussion of experimental work on 
man’s conditioning and tolerance limits to 
some of the anticipated singular stresses, 
with emphasis upon cross-adaptability for 
complex stress situations. 


12 Banghart, Frank W. and Patti- 
shall, Evan G., ‘Human factors at 
extreme altitudes: Synopsis and bibliog- 
raphy,’’ Division of Educational Research, 
University of Virginia, Charlottesville, 
Va., AD 242 348, (HQ ARDC-TR-60-7), 
March 1960, 111 pp. 

Lists 1076 references to 1959 in space 
medicine, ecology, behavior and perform- 


specific field of space psychophysiology are those by Burns et 
al. (22), Banghart and Pattishall (12) and Chasen et al. (26). — 
Extensive references to related material may also be found in > 
general space bibliographies (13 and 37), space medicine 
bibliographies (145 and 148), and an indexed compilation of 
documentation on the general subject of psychological stress 


@ 


7° 
ance, acceleration and _ deceleration, 


weightlessness, radiation effects, instru- 
mentation, monitoring and communica- 
tion, selection and training. 


13. Benton, Mildred, comp., “The 
literature of space science and explora- 
tion,’’ Naval Research Laboratory, Wash- 
ington, D. C., NRL Bibliography no. 13, 
AD 210 057, Sept. 1958, 264 pp. 

An annotated bibliography of 2274 
references from 1903 to June 1958 on all 
aspects of space flight, rockets and 
satellites; subject indexed. 


14 Bexton, W. H., Heron, W. and 
Scott, T. H., “Effects of decreased varia- 
tion in the sensory environment,” Cana- 
dian J. Psychology, vol. 8, no. 2, 1954, pp. 
70-76. 

Reports on study by the McGill 
Group; indicates that progressive intellec- 


tual deterioration and vivid visual hallu- — 


cinations result from exposure to a 
monotonous environment for 
ranging from several hours to six days. 


15 Beyer, David and Sells, S. B., 
“Selection and training of personnel for 


space flight, J. Aviation Medicine, vol. 


28, Feb. 1957, pp. 1-6. 
An outline of space crew requirements 


presented as a basis for guiding research © 


in the selection and training of personnel. 
Includes bibliography. 


16 Billingham, J., ‘“Space medicine,” 
Nature, London, vol. 182, no. 4650, Dec. 
13, 1958, pp. 1645-1646. 

Reviews the first symposium on space 
medicine in Great Britain, held in London, 
Oct. 16 and 17, 1958. Among papers 
presented were: ‘‘Consequences of Weight- 
lessness’”’ by M. P. Lansberg (89), ‘‘Im- 
pairment of Human Performance in 
Control” by K. F. Jackson (82), and 
“Hffects of Sensory Impoverishment, 
Confinement, and Deprivation of Sleep”’ 
by C. Cunningham (31). 


17 Boag, T. J. “The white man in 
the arctic: A preliminary study of the 
problems of adjustment,” Amer. J. 
Psychiatry, vol. 109, 1952, pp. 444-449. 

Observations are reported on some of 
the psychological stresses of life in the 
Arctic and human reactions to them. 


18 Bradney, Pamela J., ‘Sociological 
aspects of space travel,’ Brit. Inter- 
planet. Soc. J., vol. 16, July-Sept. 1957, 
pp. 173-176. 

Reply to Wilcox (J BIS, vol. 16, 1957, 
p. 7) pointing to factors making for 
group integration and easy interaction on 
board space ship. 


19 Brody, Eugene B., “Discussion,” 
Amer. J. Psychiatry, vol. 115, no. 12, 
June 1959, pp. 1112-1113. 
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Summary discussion of papers presented 
at Symposium on Psychiatric Aspects of 
Space Travel (143), pointing out that the 
central psychological problem of man’s 
initial-ventures into space may be that of 
separation. 


20 Burns, Neal, “Environmental re- 
quirements of sealed cabins for space and 
orbital flights. A second study. Part I. 
Rationale and habitability aspects of 
confinement study,” Air Crew Equip- 
ment Laboratory, U. 8S. Naval Air 
Material Center, Philadelphia, Pa., Rep. 
no. NAMC-ACEL-413, 1 vol., AD 229 908, 
Dec. 8, 1959. 

An introduction is given to a six-part 
report on a confinement experiment in 
which six men were isolated for a period 
of eight days in a chamber of limited 
space and facilities equipped with a new 
type of rebreathing system. A descrip- 
tion of the test chamber and of the 
performance measures that were used is 
given. 


21 Burns, Neal and Ziegler, Ralph 
B., “Environmental requirements of sealed 
cabins for space and orbital flights—A 
second study. Part 3. Effects of long 
term confinement on personality and 
perception,” U. S. Air Crew Equipment 
Laboratory, U. S. Naval Air Material 
Center, Philadelphia, Pa., Rep. no. 
NAMC-ACEL-415, 1 vol., AD 242 158, 
July 22, 1960. 

Six naval enlisted men served as 
subjects for eight days of confinement in a 
simulated space vehicle. The effects on 
personal perception, personality changes 
and group interaction are described. 
The data obtained are compared with the 
preconfinement observations in order to 
provide a_ detailed analysis of the 
personality and perceptual changes that 
can be anticipated in future long range 
space and orbital flights. An extensive 
review of the anecdotal and experimental 
literature is also provided. 


22 Burns, Neal M., Ziegler, Ralph 
B., Noble, Rosalie and Gifford, Edmund 
C., “‘Environmental requirements of sealed 
cabins for space and orbital flight: A 
bibliography of psychophysiological 
studies relevant to space and orbital 
flight,’ U. 8S. Air Crew Equipment 
Laboratory, U. S. Naval Air Material 
Center, Philadelphia, Pa., Rep. no. 
NAMC-ACEL-441, Oct. 26, 1960. 

Lists 582 psychological, physiological, 
and environmental reports. Survey was 
completed in April 1960. 

23 Burrows, A., “Psychological stress 
in space travel,’’ New Scientist, vol. 3, 
no. 75, April 1958, pp. 12-14. 


24 Cameron, D. Ewen, Levy, Leonard, 
Ban, Thomas and Rubinstein, Leonard, 
“Sensory deprivation: Effects upon the 
functioning human in space systems,” 
Psychophysiological Aspects of Space Travel 
ed. by Bernard E. Flaherty, Columbia 
University Press, N. Y., 1961, pp. 225-237. 

Summarizes sensory deprivation studies 
since early 1950’s and presents conclusions. 


25 Campbell, P. A. and Gerathewohl, 
S. J., “The present status of the problems 
of weightlessness,’ Teras State J. 
Medicine, vol. 55, no. 4, April 1959, pp. 
267-274. 
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Reports weightlessness _ orientation 
studies made by immersing men in water. 
Man’s ability to orient himself depends 
upon a variety of factors, and during 
weightless situations the eye becomes the 
only reliable organ. 


26 Chasen, L., Colabrese, E. and 
Himmelstein, D., ‘Sealed atmospheres 
and psychophysiological factors: a biblio- 
abstract,’’ Missile and Space Vehicle 
Dept., General Electric Co., Philadel- 
phia, Pa., T.J.S. Rep. R60SD844, AD 
238 478, April 1, 1960, 34 pp. 

A survey directed toward psychological, 
physical and biological hazards of space 
flight; includes literature on the psycho- 
logical effects of isolation for a prolonged 
period. Lists 50 references in closed 
literature; 116 references in open litera- 
ture. 


27 Clark, Brant, ‘The break-off 
phenomenon: A feeling of separation from 
the earth experienced by pilots at high 
altitudes,’’ United States Naval School of 
Aviation Medicine, Pensacola, Fla., Re- 
search Rep. NM 001 110 100, no. 43, 1956, 
6 pp. 

Pilots of jet aircraft when flying alone at 
high altitudes have reported an unusual 
experience which has been termed ‘‘break- 
off” or physical separation from Earth. 
This report investigated the occurrence of 
breakoff phenomenon in 137 jet pilots. 


28 Clark, Brant and Greybiel, Ashton, 
“The break-off phenomenon: A feeling of 
separation from the earth experienced by 
pilots at high altitude,” J. Aviation 
Medicine, vol. 28, 1957, pp. 121-126. 

Analysis of interviews with 137 jet 
pilots reveals that the breakoff effect, “‘a 
condition of spatial orientation in which 
the pilot conceived himself to be isolated, 
detached and physically separated from 
the earth so that he is no longer in contact 
with it,’”’ is a clearly defined phenomenon. 


29 Clemedson, Carl-Johan, ‘‘Some 
biophysical and medical problems _ in- 
volved in manned space flight: A review,” 
Astronautik, Swedish Interplanet. Soc., 
no. 1, 1958, pp. 9-36. 

Discussion which includes the effects of 
psychological stress. 


30 Cohen, Bertram D., Rosenbaum, 
Gerald, Dobie, Shirley I. and Gottlieb, 
Jacques S., “‘Sensory isolation: Hallucino- 
genic effects of a brief procedure,” J. 
Nervous and Mental Disease, vol. 129, no. 
5, Nov. 1959, pp. 486-491. 

The study was designed to develop a 
brief isolation procedure for more con- 
venient exploration of susceptibility to 
hallucinatory behavior and the variables 
contributing to this process. The dura- 
tion of isolation was limited to one hour. 

31 Cunningham, Cyril, “‘The effects 
of sensory impoverishment, confinement 
and sleep deprivation,” Brit. Interplanet. 
Soc. J., vol. 17, May-June 1960, pp. 
311-313. (Also published as ‘First 
man in space will be like a prisoner in 
solitary confinement,’ Space, Jan.—March 
1959, pp. 17-21.) 

Paper presented at Space Medicine 
Symposium, London, Oct. 16-17, 1958. 
Discusses the probable effects of condi- 
tions similar to those expected in space 


flight—isolation, restriction ot personal 
movement, deprivation of auditory and 
external visua] stimuli and sleep, and un- 
awareness of the vehicle’s movement jn 
space. Conclusions are drawn from 
experimental tests and from experiences of 
persons who have spent many months in 
foreign isolation prisons. 


32 Dempsey, C. A., Van-Wart, F. D., 
Duddy, J. H. and Hockenberry, J. A., 
“Long term human confinement in s))ce 
equivalent vehicles,” J. Astronautics, vol, 
4, Autumn 1957, pp. 52-53. 

Brief report on Aero Medical Labora- 
tory’s 1954 study of 56 hr confinement; in 
fighter cockpits, and description of « \r- 
rent 120-hr confinements spice 
equivalent compartments. 


33 Dostal, R. and Kersey, T., “‘S)..ce 
medicine,” The lowa Engineer, vol. ‘0, 
no. 5, Feb. 1960, pp. 18-20. 

Explains the psychological effects of 
confinement, hypoxia, excessive oxygen, 
ecological food systems, and space hiberia- 
tion. 


34. Duff, F. L. and Collins, T. A., 
“Spacecrew epidemiology,’’ Astron \v- 
Tics, vol. 5, no. 2, Feb. 1960, pp. 42, 44 48. 

Careful crew selection and_ isolation 
training are vital to assure the success of 
space missions. 


35 Eckstrand, G. A. and Rockway, 
M. R., “The role of simulators for space 
crew training,’’ ASTRONAUTICS, vol. 5, no. 
2, Feb. 1960, pp. 38-39, 76-80. 

Training simulators designed to assist 
in the development, maintenance and 
evaluation of human skills within a space 
holding facility are discussed.  Inter- 
crew training (system checkout and final 
crew selection, mission briefing, and 
establishment of standard operating pro- 
cedures) is evaluated. 


36 Eilbert, L. R. and Glaser, R., 
“Differences between well and_ poorly 
adjusted groups in an isolated environ- 
ment,”’ J. Applied Psychology,” vol. 43, 
Aug. 1959, pp. 271-274. 

Explores the possibility of identifying 
variables which will predict an individual's 
adjustment to isolated restrictive en- 
vironment. Describes survey and _ test 
instruments used in the development of 
selection techniques for men on Arctic 
bases. Discusses relationship of data to 
other types of isolated environments. 


37 Estep, Raymond, “‘A space bibli- 
ography through 1958,” Documentary Re- 
search Division, Research Studies Insti- 
tute, Air University, Maxwell Air Force 
Base, Ala., AU-283-58-RSI, 1959, 109 pp. 

Lists 1832 references; includes subject 
and author index. 


38 Evrard, E., Henrotte, J. G. and 
Jonckheere, P., ‘“‘Contribution a 1|’étude 
du comportement psycho-physiologique 
d’un sujet isolé en milieu confiné dans 
des conditions trés défavorables,” (Con- 
tribution to the study of psycho-physio- 
logical behavior of an isolated subject 
confined in a small closed cabin under very 
unfavorable conditions), Medecine Aero- 
nautique, Paris, vol. 14, no. 1, 1959, pp. 
31-50. (In French, with English sum- 
mary.) 
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Describes test in which 40-year-old 
male volunteer was isolated for 31 hr in a 
decompression chamber which was very 
limited and cramped in space, and which 
contained only the minimum features of 
comfort. Periods of depression occurred 
during the evenings. 


39 Faust, H., ‘“‘“Man—The unknown 
factor in interplanetary flights,” Uni- 
versitas (Stuttgart), vol. 2, no. 3, 1958, pp. 
289-296. (In English. ) 

Although external and _ physiologic 
dangers can be overcome by providing a 
suitable cabin for the human occupant, the 
consequences of the psychologic strain of 
being confined in an insecure, deprived 
and limited environment for an extended 
period of time cannot yet be estimated. 
The |: reakdown of one of the crew members 
may endanger the entire project. 


40 Fitts, Paul M., ‘‘Skill maintenance 
under adverse conditions,’’ Psychophysio- 
logicul Factors of Space Travel, ed. by Ber- 
nard E. Flaherty, Columbia University 
Press, N. Y., 1961, pp. 309-322. 

Lists eight factors having adverse effect 
on skilled performance and _ presents 
procedures to lessen effects. 


{1 Flaherty, Bernard E., ed., Psy- 
chophysiological aspects of space flight, 
Columbia University Press, N. Y., 1961, 
368 pp. 

Papers presented by experts of the U. S. 
space research program at a symposium 
sponsored by the School of Aviation 
Medicine, USAF Aerospace Medical 
Center, May 26 and 27, 1960. 


{2 Flaherty, Bernard E., Flinn, Don 
E., Hauty, George T. and Steinkamp, 
George R., “‘Psychiatry and space flight,”’ 
School of Aviation Medicine, USAF 
Aerospace Medical Center (ATC), Brooks 
Air Foree Base, Texas, TR 60-80, AD 
245 416, Sept. 1960, 9 pp. 

Discusses some of the emotional hazards 
that can be anticipated in space flight and 
their possible effects. Reviews results of 
experimentation in space flight simulation 
for training. 


43 Flickinger, D. D., ‘“‘Air Force 
human factors program for developing 
manned space operations,’ Air University 
Quarterly Review, vol. 10, no. 2, Summer 
1958, pp. 17-28. 

Outlines objectives, assignment of re- 
search and development tasks, proposed 
and on-going projects in USAF life 
sciences (human factors) research con- 
cerning man in space. 


44 Flickinger, Don, ‘Biomedical 
aspects of space flight,’’ Man in Space: 
The USAF Program for Developing the 
Spacecraft Crew, ed. by Kenneth F. 
Gantz, Duell, Sloan and Pearce, N. Y., 
1959, pp. 41-63. 

In addition to biological hazards, 
enumerates the psychological hazards of 
Space flight. Reviews work in progress in 
the Air Force Air Research and Develop- 
ment Command laboratories. 


45 Flinn, Don E., ‘‘Psychiatric factors 
in astronaut selection,’ Psychophysiolog- 
ical Aspects of Space Flight, ed. by 
Bernard E. Flaherty, Columbia University 
Press, N. Y., 1961, pp. 87-95. 


1961 


A general discussion of astronaut 
evaluations from the psychological view- 
point. 


46 Freedman, S. J. and Greenblatt, 


Milton, “Studies in human isolation,” 
Massachusetts Mental Health Center, 
Boston, Massachusetts, Report for 15 


April 1958 to 14 April 1959 on Bio- 
physics Research (WADC_ TR-59-266), 
AD 231 290, Sept. 1959, 46 pp. 

Thirty normal college-age subjects 
were run in eight-hr experimental sessions 
involving: nonpatterned visual and audi- 
tory input combined with social isolation; 
visual deprivation (blackout) combined 
with auditory non-patterning and social 
isolation; and social isolation alone. 


47 Gaito, John, Hanna, T. D., et al., 
“Environmental requirements of sealed 
cabins for space and orbital flights. 
Part 3. Performance and _habitability 
aspects of extended confinement,” Air 
Crew Equipment Laboratory, U. S. 
Naval Air Material Center, Philadelphia, 
Pa., Rep. no. NAMC ACEL-385, AD 
205 381, Sept. 26, 1958, 52 pp. 

Six men were isolated and confined in a 
limited space for seven days breathing a 
relatively high oxygen concentration. 
Performance on simple, routine psycho- 
motor tasks was variable, whereas that 
on more complex tasks was consistent and 


sometimes increased in _ effectiveness 
toward the end of the confinement 
period. 

48 Gell, C. F., Psychophysiological 


aspects of a multiple crew compartment 
study, AMERICAN Rocket Society, 
N. Y., ARS preprint 681-58, 1958. 

The conclusion of this study was that, 
given men with good training, discipline 
and high motivation, confinement similar 
to that expected in space flight of at 
least seven days can be well tolerated on a 
psychophysiological basis. The extensive 
accumulation of data from this seven-day 
exposure has been evaluated and compiled 
in reports by the Air Crew Equipment 
Laboratory. 


49 Generales, Constantine D. J., 
Jr., “Space medicine and the physician,” 
N. Y. State J. Medicine, vol. 60, no. 11, 
June 1, 1960, pp. 1741-1761. 

Reviews the background of man’s 
desire to travel through interplanetary 
space from year 1500 A.D. Discusses 
various aspects of space medicine, in- 
cluding psychological problems of weight- 
lessness, isolation and day-night cycle. 
Lists human factors in space travel which 
need further research. The task of space 
medicine is to adjust man to space en- 
vironmental conditions which affect him 
physically and psychologically. 


50 Gerathewohl, Siegfried a 
‘*Personal experiences during short periods 


of weightlessness reported by sixteen 
subjects,’ Astronautica Acta, vol. 2, 
1956, pp. 203-217. 

Reactions to weightlessness by 


passengers in a Lockheed T-33 flying a 
Keplerian trajectory as revealed in Air 
Force School of Aviation Medicine tests of 
1955-1956. 


51 Gerathewohl, Siegfried 


‘Psychological problems of selection, hold- 


ing and care of astronauts,’’ ASTRONAUTICS 
vol. 5, no. 2, Feb. 1960, pp. 36-37, 52-54. 

In the recruiting and selection of 
astronaut, the problem of motivation is — 
of utmost importance. Psychiatric and — 
psychological testing to develop an 
understanding of the subject’s personality 
is discussed. 


52 Gerathewohl, Siegfried 
“Psychological problems of selection, 
holding, and care of space fliers,’ U. 8. 
Army Medical Services, Research and 
Development Command, Bioastronautics 
Research Unit, Washington, D. C., 
Special Rept. CSCRD-16-4, AD 232 121, 
Nov. 13, 1959, 13 pp. 

The psychological requirements for the 
selection of space fliers are examined as to 
their validity. Examples of related 
activities are presented. The maim 
purpose of preparations must be to 
establish a natural pattern of conditioning 
and familiarization, to develop skills and 
abilities parallel to the development of 
hardware, and to maintain the interest and 
motivation of the astronaut. 


53 Gerathewohl, Siegfried 
ASTRONAUTICS, vol. 2, 
no. 4, Nov. 1957, pp. 32-34, 74-75. 

Discussion of the phenomenon and 
reports on experimental studies of weight- 
lessness conducted at USAF School of 
Aviation Medicine. 


54 Gerathewohl, 
“‘Weightlessness,”’ Man in Space: The 
United States Air Force Program for 
Developing the Spacecraft Crew, ed. by 
Kenneth F. Gantz, Duell, Sloan and 
Pearce, N. Y., 1959, pp. 108-132. 

Discusses physical concepts, operational 
aspects and psychological aspects of 
weightlessness. Reviews experiments with 
humans. 


Siegfried 


55 Gerathewohl, Siegfried 


“Weightlessness: The problem and the 


Air Force Research Program,’ Air 
University Quarterly Review, vol. 10, 
Summer 1958, pp. 121-141. 

Includes tables on responses of 47 


human subjects to short periods of virtual 
weightlessness and discussion of psycho- 
logical aspects. 


56 Gerathewohl, Siegfried 7 
“Work proficiency in the space cabin 
simulator,’ Aerospace Medicine, vol. 30, 
Oct. 1959, pp. 722-735. 

Reports on two studies made at the 
U. S. Air Force School of Aviation 
Medicine: (1) Airman First Class D. G. 
Farrell and his seven-day stay in a space 
flight simulator measuring about 96 
cubic feet. Kraepelin’s work performance 
test was used in a measure of performance, 
proficiency, personality variables, and 
motivation; (2) Dr. Bruno Balke and 
Master Sergeant S. M. Karst who were 
sealed in a cabin on Sept. 12, 1958. 


57 Gerathewohl, Siegfried J. and 
Ward, Julian E., ‘Psychophysiologic 
and medical studies of weightlessness,” 
Physics and Medicine of the Atmosphere 
and Space—The Proceedings of the Second 
International Symposium on the Physics 
and Medicine of the Atmosphere and Space, 
held at San Antonio, Texas, Nov. 10, 11 and 
12, 1959, sponsored by the School of 
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Aviation Medicine, Aerospace Medical 
Center (ATC), Brooks Air Force Base, 
Texas, ed. by Otis O. Benson Jr. and 
Hubertus Strughold, John Wiley and 
Sons, N. Y., 1960, pp. 422-434. 

Reports study of group of 46 men and 
one woman for weightlessness tolerance 
at the USAF School of Aviation Medicine. 
Tabular account of results with psycho- 
logical reactions. 


58 Giffen, Martin B., ‘Break-off: 
A phase of spatial disorientation,’ U. S. 
Armed Forces Medical J., vol. 10, no. 11, 
Nov. 1959, pp. 1299-1303. 

Reports study made of symptoms 
described by pilots experiencing the break- 
off sensation at high altitudes. Phenom- 
ena appears to be chiefly one of isola- 
tion and can be artificially produced by 
the removal of sources of stimulus. 


59 Goldberger, L. and Holt, R. R., 
“Experimental interference with reality 
contact (perceptual isolation): Method 
and group results,” J. Nervous and 
Mental Disease, vol. 127, 1958, pp. 
99-112. 


60 Goshen, Charles E., “‘Man in 
space and psychological research,’’ 
NAvuTICs, vol. 6, no. 3, March 1961, pp. 
38-39, 78, 80. 

Emphasizes need for true psychological 
research as opposed to physiological 
research in the space effort. 


61 Goshen, C. E., “Space science and 
research in human behavior,’ Diseases 
of the Nervous System, vol. 21, no. 2, 
supplement, Feb. 1960, pp. 106-111. 


62 Hanna, T. D. and Gaito, J., 
‘Performance and habitability aspects of 
extended confinement in sealed cabins,” 
Aerospace Medicine, vol. 31, no. 5, 
May 1960, pp. 399-406. 

Study was undertaken to determine the 
effects on performance of six men during 
seven days of confinement in a small area 
at a simulated altitude of 10,000 ft with 
an oxygen concentration equivalent to 
55% at sea level. 


63 Hartman, Bryce O., ‘Time and 
load factors in astronaut proficiency,” 
Psychophysiological Factors of Space 
Travel, ed. by Bernard E. Flaherty, 
Columbia University Press, N. Y., 1961, 
pp. 278-308. 

Considers the astronaut’s job, effects of 
load, long-term effects, and weightlessness. 
47 references. 


64 Hauty, George T., “Human per- 
formance in space,’ Man in Space: 
The United States Air Force Program for 
Developing the Spacecraft Crew, ed. by 
Kenneth F. Gantz, Duell, Sloan and 
Pearce, N. Y., 1959, pp. 84-108. 

Discusses conditions peculiar to a closed 
ecological system in space, with emphasis 
on the psychological effects on man of 
confinement, detachment, sensory dep- 
rivation' and fatigue. Reviews briefly 
some of the Air Force studies concerning 
these factors. 


65 Hauty, George T., “Psychological 
problems of space flight,’’ Physics and 
Medicine of the Atmosphere and Space— 
The Proceedings of the Second Inter- 
national Symposium on the Physics and 


Medicine of the Atmosphere and Space, 
held at San Antonio, Texas, Nov. 10, 11, 
and 12, 1959, sponsored by the School of 
Aviation Medicine, Aerospace Medical 
Center (ATC), Brooks Air Force Base, 
Texas, ed. by Otis O. Benson Jr. and 
Hubertus Strughold, John Wiley and 
Sons, N. Y., 1960, pp. 409-421. 

Discusses in light of initial research 
the psychological problems of sensory 
deprivation, detachment, confinement and 
fatigue. Charts operator proficiency and 
hours of work during simulated space 
flights. 


66 Hauty, G. T., “Human per- 
formance in the space travel environ- 
ment,” Air University Quarterly Review, 
vol. 10, no. 2, Summer 1958, pp. 89-107. 

Reviews conditions of a closed ecological 
space system, limitations of the human 
operator, selection and training of space 
pilots and programming of functions. 


67 Hauty, G. T. and Payne, R. B., 
“Fatigue, confinement, and _ proficiency 
decrement,” Vistas in Astronautics: Pro- 
ceedings of the First Annual AFOSR 
Astronautics Symposium, ed. by M. 
Alperin, M. Stern and H. Wooster, 
Pergamon Press, N. Y., 1958, pp. 304- 
309. 

Reports a study in which subjects were 
required to perform a monitoring task 
for 30 consecutive hours. Nearly all 
subjects experienced perceptual disturb- 
ances with adverse effect upon proficiency. 


68 Hawkins, Willard R., ‘Space 
cabin requirements as seen by subjects in 
the space cabin simulator,’’ AMBpRICAN 
Rocket Society, N. Y., ARS preprint 
702-58, Nov. 17, 1958. 

Reports the subjective responses and 
recommendations of subjects who have 
actually undergone simulated flights in 
the space cabin simulator at the School of 
Aviation Medicine during the previous 
two years. The reactions of various 
subjects to the conditions imposed on them 
during flights are presented together with 
suggestions for future improvements. 


69 Hebb, D. O. and Heron, Wood- 
burn, “Effects of radical isolation upon 
intellectual function and the manipulation 
of attitudes,’ Defence Research Board, 
Canada, Terminal Report on Conditions 
of Attitude Change in Individuals, Rep. 
no. HR63, Ottawa, Canada, AD 82 022, 
Oct. 1955, 23 pp.; secret. 


70 Hebb, D. O., Heron, W. and 
Bexton, W. H., ‘“‘The effect of isolation 
upon attitude, motivation and thought,” 
Defence Research Board, Canada, 
Fourth Symposium, Military Medicine 1, 
in cooperation with McGill University, 
Ottawa, Canada, AD 10 258, Dec. 8-10, 
1952, 3 pp.; secret. 


71 Held, Richard and White, Burton, 
“Sensory deprivation and visual speed: 
An analysis,” Science, vol. 130, no. 
3379, Oct. 2, 1959, pp. 860-861. 

Authors (Department of Psychology, 
Brandeis University, Waltham, Mass.) 
performed experiments in collaboration 
with S. J. Freedman, director of isolation 
studies, Massachusetts Mental Health 
Center. Speeds of moving objects were 
markedly underestimated by human ob- 


servers after prolonged patternless visual 


Even greater underestima- 


stimulation. 
tion followed exposure to a “noisy” 
field; on the other hand, exposure to a 
hyperstable field caused overestimation, 
The effects of noise simulate those of 
deprivation. 


72 Henry, James P., Eckstrand, A., 
et al., ‘Human factors research and 
development program for a manned satel- 
lite,” Human Factors Directorate, Air 
Research and Development Comm:nd, 
Washington, D. C., ARDC-TR-57-160, 
AD 136 410, Oct. 1957, 4 pp. 

Among problems needing further study 
were isolation and confinement, presenta- 
tion of information, crew skills, seleciion, 
training and motivation. 


73 Heron, Woodburn, ‘‘The pathology 
of boredom,” Scientific American, vol. 
196, no. 1, January 1957, pp. 52-56. 

Reports experiments on human iv- 
havioral effects following prolonged ex- 
posure to a monotonous environment. 
Thinking was impaired, childish emotional 
responses appeared, visual perception was 
disturbed and brain wave patterns altered. 
The study began in 1951, under a grant 
from the Defence Research Board of 
Canada with D. O. Hebb (McGill Univer- 
sity), B. K. Doane, T. H. Scott, W. H. 
Bexton and author as collaborators. 


74 Heron, Woodburn, Doane, B. K., 
and Scott, T. H., ‘Visual disturbance after 
prolonged perceptual isolation,’ Cana/ian 
J. Psychelogy, vol. 10, no. 1, 1956, pp. 
13-18. 

Three observers were kept in a monot- 
onous sensory environment. for six days. 
On returning to a normal environment, 
they experienced the following perceptual 
disturbances: fluctuation, drifting and 
swirling of objects and surfaces in the 
visual field; loss of “position constancy”; 
distortions of shape; accentuation of after- 
images; and effects on perception of color 


75 Heron, Woodburn, Bexton, W. H. 
and Hebb, D. O., ‘‘Cognitive effects 
decreased variation to the sensory environ- 
ment,” The American Psychologist, vol. 8, 


1953, p. 366. 


76 Hickey, A. E., Jr., “The nuclear 
submarine as a manned satellite labora- 
tory,” American Society of Mechanical 
Engineers, Los Angeles, Calif., Paper no. 
59-AV-9, 1959, 4 pp. 


77 Holt, Robert R. and Goldberger, 
Leo, ‘‘Assessment of individual reaction to 
sensory alteration,’ Psychophysiological 
Factors of Space Flight, ed. by Bernard §. 
Flaherty, Columbia University Press, 
N. Y., 1961, pp. 248-262. 

Reports two experiments, the method- 
ology of which offers promise for research 
in space crew selection. 


78 Holt, Robert R. and Goldberger, 
Leo, ‘‘Personological correlates of reac- 
tions to perceptual isolation,” Research 
Center for Mental Health, New York 
University, N. Y., Report on Biophysics of 
Flight, (WADC TR-59-735), AD 234 003, 
Nov. 1959, 46 pp. 

The aspects of personality (independ- 
ently measured by objective tests and bv 
clinical Q-sort ratings) that. were found to 
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correlate with reactions to eight hours of 
experimental reality-deprivation (percep- 
tual isolation and sensory deprivation) 
are described. Fourteen male college 
students were subjected to an experimental 
deprivation situation similar to that used 
in the McGill studies, and from their be- 
havior and verbalization, 14 measures of 
reaction were derived. It is hoped that 
these findings may be relevant to the 
problems of space crew selection. 


74 Holt, Robert R. and Goldberger, 
Leo, ‘‘Research on the effects of isolation 
on cognitive Research Cen- 
ter for Mental Health, New York Univer- 
sity, N. Y.. (WADD TR-60-260), AD 
240 835, March 1960, 22 pp. 

The study was undertaken to compare 
the effects of 100 gamma of LSD-25 with 
those of eight hours of perceptual isola- 
tion, carried out in the McGill style. 
Fifteen civilian subjects showed impair- 
ment on only one of nine cognitive tests 
after the isolation period. The conclu- 
sion was drawn that states produced by 
LSD and by eight hours of social isolation 
plus sensory restriction are subjectively 
quite different. 


SU Imus, Henry A., ‘“‘Human factors 
in probing outer space,’ Advances in the 
Astronautical Sciences, vol. 5 (Proceedings 
of the Second Western National Meeting 
of the American Astronautical Society, 
Los Angeles, Calif., Aug. 4-5, 1959), 
American Astronautical Society, Inc., 
Plenum Press, N. Y., 1960, pp. 15-24. 

teviews psychological factors affecting 
the astronaut and relates these to engineer- 
ing effort; 50 references. 


81 International Astronautical Feder- 
ation, Space Flight Problems: Being a 
Complete Collection of All Lectures Held 
at the 4th Astronautical Congress, Zurich, 
1953, Swiss Astronautical Society for the 
International Astronautical Federation, 
Switzerland, Laubscher and Cie, Biel, 
Switzerland, 1954, 224 pp. 

See articles: 8. Gerathewohl, Zur frage 
der orientierung im schwerefreien zustand 
(The problem of orientation in the gravity- 
free state). H. J. A. von Beckh, Unter- 
suchunger iiber schwerelosigkeit an ver- 
suchspersonen und tieren wahrend des 
lotrechten sturzfluges (Investigations of 
effects of weightlessness on research per- 
sonnel and animals during vertical flight). 


82 Jackson, K. F., “Impairment of 
human performance in control,’ Brit. 
Interplanet. Soc. J., vol. 17, May-June 
1960, pp. 301-303. 

Two experiments in determining the 
controlling work that a pilot can do and the 
conditions which affect the quantity and 
quality of a pilot’s work are described. 
The relationship to problems in space 
vehicles—size of crews, optimal lengths of 
watches and fatigue—is emphasized. 


83 Kinsey, Jack L., ‘Psychiatric 
studies on operation hideout,’ Naval 
Medical Research Laboratory, New Lon- 
don, Conn., NMRL Rep. no. 230, AD 
64 665, July 20, 1953, 12 pp.; confidential. 


84 Kinsey, J. L., “Psychologic as- 
of the ‘Nautilus’ transpolar cruise,”’ 
. S. Armed Forces Medicol J., vol. 10, 
pp. 451-462. 


Juty 1961 
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85 Konecci, E. B., ‘Human factors 
and space cabins,” ASTRONAUTICS, vol. 3, 
Jan. 1958, pp. 42-43. 

True design criteria for any component 
or system must include the human ele- 
ment as part of a system 


86 Konecci, E. B., ‘Human factors in 
space flight,’’ Aero/Space Engng., vol. 
17, no. 6, June 1958, pp. 34—40, 48. 

Discusses briefly some problem fac- 
tors of man in space. Table outlines the 
possible human factors problem areas in 
space flight, including psychological and 
social. 


87 Konecci, E. B., ‘‘Manned space 
cabin systems,’’ Advances in Space Science, 
ed. by Frederick I. Ordway, IIT, Academic 
Press, N. Y., 1959, pp. 159-265. 

Reviews the fundamental requirements 
for manned space flight, and the possible 
physiological, psychological and human 
engineering problems to be encountered. 
Under psychological factors emphasizes 
crew selection, confinement, isolation and 
performance. Outlines the examinations 
and psychological tests given to selected 


Project Mercury astronauts; 138 refer- 
ences. 
88 Kraft, J. A., “Measurement of 


stress and fatigue in flight crews during 
confinement,’’ Aerospace Medicine, vol. 
30, June 1959, pp. 424-430. 

USAF-supported discussion of problem 
areas which must be explored and descrip- 
tion of elaborate facility for conducting 
a variety of human factors experiments. 
Among psychological problems considered 
are: loneliness; confinement and _ isola- 
tion and their effects on performance and 
behavior; and interpersonal relationships 
in small groups under stress. 


89 Lansberg, M. P., ‘“‘Cockpit of 
first spaceship may be like a padded cell,”’ 
Space, Jan.—March 1959, pp. 25-27. 

Reprint of paper presented at British 
Interplanetary Society Symposium, Lon- 
don, 1958. Discusses problems arising 
from continual weightlessness. These in- 
clude: air circulation can no longer be 
induced by connection; body perception 
will lack gravitational clues; and all mus- 
cular activity intended to move an object 
will have to be relearned. 


90 Lawton, R. W., Ekberg, D. R. and 
Smith, B. J., “Bioengineering problems in 
early manned space flight,’’ Annals of the 
New York Academy of Sciences, vol. 84, 
no. 2, Feb. 1960, pp. 27-74. (Abstracted 
in Aerospace Medicine, vol. 31, no. 6, 
June 1960, p. 525.) 

The possible solutions to engineering 
problems associated with biologic, psy- 
chologic and medical criteria in manned 
orbital flight are reviewed. 


91 Levine, A. S., ‘Psychometric 
considerations in selecting personnel for 
unusual environments,’ Personnel Psy- 
chology, vol. 13, no. 3, Autumn 1960, pp. 
233-243. 

A discussion of the methodological con- 
siderations which underlie the selection of 
men for unusual environments such as may 
be encountered in high altitude and space 
vehicles, long-submergence submarines, 
and polar regions. 


> 


92 Levy, Edwin Z., Ruff, George E. | 
and Thaler, Victor H., “Studies in human 
isolation,” J. Amer. Medical Assoc., vol. 
169, Jan. 17, 1959, pp. 236-239. 

The study of human isolation confronts 
workers in the field with an almost un-| 
limited number of variables and param- 
eters to be controlled and considered, 
including details of the isolation, the con- 
cepts and feelings of the experimenters, 
and all aspects of the personality of the 
subjects. 


93 Lilly, J. C., “Mental effects of 
reduction of ordinary loads of physical 
stimuli on intact, healthy persons,”’ 
Psychiatric Research Reports, vol. 5, June 
1956, pp. 1-9. 

Subjects were suspended in water with a 
temperature of 94.5 F. They wore 
blacked out masks and were immersed 
in the tank except for tops of their heads. 


94 Lowry, R., ‘‘Selection of personnel 
for manned space stations,’’ Aero/Space 
Engng., vol. 19, no. 5, May 1960, pp. 
32-33. 

A program for selection and training of 
crewmen is proposed. Training should 
familiarize the individual with the space 
program and the vehicle, and coordinate 
members as a composite crew. 


95 McRuer, D. T., Ashkenas, I. L. 
and Krendel, E. S., ‘“‘A positive approach 
to man’s role in space,’ Aero/Space 
Engng., vol. 18, no. 8, Aug. 1959, pp. 30- 
36. 

Discussion emphasizing the reliability 
improvement afforded by man’s ability at 
failure detection, replacement and repair. 
Among negative factors investigated are 
respiration, food, environment and social 
factors. Suggestions are made for re- 
search of possible behavior problems. 


96 Michael, D. N., ‘How to keep 
space crews content,’ Missiles and 
Rockets, vol. 3, April 1958, pp. 110-114. 

The social and psychological circum- 
stances and consequences which may 
affect space crew operations are discussed. 
Some of the problems to be resolved are 
those associated with perception of un- 
familiar sensations including weightless- 
ness and a general paucity of stimuli, inter- 
action of personalities of crew members in 
confinement, stress due to knowledge of 
probability of disaster, effects of boredom, 
and crew selection and training. 


97 Miller, James G., ‘Sensory over- 
loading,’ Psychophysiological Aspects of 
Space Travel, ed. by Bernard FE. Fla- 
herty, Columbia University Press, N. Y., 
1961, pp. 215-224. 

Describes a research program at the 
Mental Health Research Institute of the 
University of Michigan dealing with over- 
loading the astronaut with information in- 
put. 

98 Monty, Richard A., Myers, 
Thomas and Murphy, Donald B., ‘Effects 
of correct and incorrect knowledge of re- 
sults on ability to count auditory stimuli. 
Task ENDORSE I,” U.S. Army Leader- 
ship Human Research Unit, Human Re- 
sources Research Office, George Washing- 
ton University, Washington, D. C., 
Research Rep. 3, March 1960. 

The purpose of this study was to develop 


ag measure which would be useful in detect- 
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ing changes both in utilization of correct 
information and in susceptibility to misin- 
formation under conditions of partial or 
complete sensory deprivation. 


99 Mullin, Charles S. and Connery, 
H. J. M., “Psychological study at an 
Antarctic IGY station,’ U. S. Armed 
Forces Medical J., vol. 10, no. 3, March 
1959, pp. 290-296. 

Thirty-nine men participating in the 
International Geophysical Year research 
program for one year at an isolated Ant- 
arctic station were studied to determine 
the effectiveness of the Navy’s screening 

program, and to study group and individ- 
ual reactions to disappointment and dis- 
illusionment, stress of isolation, boredom, 
insomnia, anxiety and hysteria. Also 
included were studies on group-leader 
tension, cohesiveness, subgroup expecta- 
tions. 


100 Mundy-Castle, C. ‘“Psy- 
chological problems of space flight,’’ South 
African J. Sci., vol. 54, no. 9, Sept. 1958, 
pp. 225-230. (Abstracted in Aerospace 
Medicine, vol. 31, no. 3, March 1960, p. 
264.) 

A discussion primarily of the effects of 
perceptual isolation to which a space 
traveler may be subjected in a spacecraft 
as a result of monotony or inadequate 
variation in his sensory influx. 


101 National Research Council, Panel 
on Psychology and Physiclogy, ‘‘A survey 
report on human factors in undersea war- 
fare,” Committee on Undersea War- 
fare, National Research Council, Wash- 
ington, D. C., 1949, 541 pages. 


102 Nehnevajsa, Jiri, “Sociology and 
the space age,’”’ AsTRONAUTICS, vol. 4, 
Sept. 1959, pp. 36-37. 

Points to new areas of research opening 
up for sociologists in the space age—among 
them the contributions of the sociology of 
small groups, the selection of astronauts, 
and particularly the selection of crews. 
Stresses importance of major simulation 
facility for systematic study of problems 
related to crew selection and behavior 
during spaceflight. 


103 Newbauer, John, “Training an 
astronaut,’’ AsTRONAUTICS, vol. 4, no. 9, 
Sept. 1959, pp. 31, 41. 

Chart outlines astronaut activities in 
preparation for Project Mercury flights. 


104 Ogle, Dan C. ‘Man in a space 
vehicle,” United States Armed Forces 
Medical J., vol. 8, 1957, pp. 1561-1570. 

Despite many engineering achieve- 
ments over the centuries, man himself has 
remained unchanged. In space he will 
face problems of excessive accelerative 
forces, cosmic radiation, and the psycho- 
logical strains of existing in a monotonous 
jonesome void. 


105 Page, J. D., “Kayak hunting and 
space flight,” American Psychologist, vol. 
14, no. 10, Oct. 1959, p. 655. 

Compares the psychologic stresses of 
kayak hunting (confinement, sensory re- 
striction) with those of space flight, in- 
cluding the possible hypnotic effects. 


106 Payne, F. A., “Work and living 
space requirements for manned space 
stations,’ Aero/Space Engng.,’‘vol. 19 
no. 5, May 1960, pp. 34-35. 


Adequate spatial accommodations for 
sleeping, eating, cooking, recreation, med- 
ical facilities, and clerical activities must 
be combined with attractiveness of sur- 
roundings in order to counteract the 
monotony and boredom which derive from 
isolation with an unchanging set of people. 


107 Pecoraro, J. N., “The Navy’s 
role in astronautical training devices,” 
Military Systems Design, vol. 4, no. 4, 
July—Aug. 1960, pp. 24-27. 

Describes the crew trainer systems and 
equipment under consideration by the 
U. S. Naval Training Device Center for 
simulating orbital and space flight. 


108 Peters, G. A., “Psycho social 
problems of manned spaceflight,’’ Astro- 
NAUTICs, vol. 5, no. 3, March 1960, pp. 
30-31, 89-92. 

Analysis of work done to date on human 
factors indicates the need for a full-scale 
study of the psychological, social and 
sexual problems of spaceship crew mem- 
bers. An important variable to be con- 
sidered is social interaction between a 
small group in very close contact for an 
extended period of time. Points to ques- 
tions which should be investigated: What 
is the desirable mixture of crew members 
in terms of age, sex, experience, education 
and socioeconomic background? What 
is the optimum number of crew members to 
reduce the feeling of isolation and lack of 
communication with Earth? In terms of 
an appropriate combination of crew per- 
sonality factors, what are the desirable 
personality structures for various crew 
sizes, missions and flight durations? 
Includes flow diagram of man-machine 
interaction in manned spaceflight. 

109 Peters, George A. and Dendl, 
Hans J., ‘Personnel requirements in 
manned space vehicles,’ Astronautical 
Sciences Review, vol. 2, no. 3, July-Sept. 
1960, pp. 9-12. 

Describes some of the basic considera- 
tions which are involved in manning esti- 
mates (optimum size of space crew) and 
crew scheduling for extended flights, in- 
cluding customary temporal patterns, 
sleep-wakefulness cycles, sustenance, hu- 
man work performance, control of sched- 
uling. Complications may result from 
simulation of space flight conditions for 
research or training because test subjects 
may experience chronic or acute psy- 
chological impairment. 


110 Platonov, K. K., ‘“Psikhologiche- 
skie problemy kosmicheskogo poléta,”’ 
Vosprosy Psikhologiit (Moskva), vol. 5, 
no. 3, 1959, pp. 56-65. (In Russian). 
German translation: ‘‘Psycholgische Pro- 
bleme des Raumfluges.’’ Sowjetwissen- 
schaft: Naturwissenschaftliche Beitrige 
(Berlin), vol. 1959, no. 12, 1960, pp. 1213- 
1222. English translation: ‘“Psychologi- 
cal Problems of Outer Space Flight.’’ 
Library of Congress no. 60-13520, 16 
Dec. 1959, 12 pp. 

The psychologic effects of the conditions 
of space flight are reviewed with reference 
to published reports on the reactions of 
experimental subjects to these conditions. 
It is concluded that the adverse effects of 
acceleration, weightlessness, confinement, 
isolation, and exposure to danger may 


_ satisfactorily be counteracted by the proper 


conditioning and motivation of space 
pilots; 21 references. 


111 Pournelle, J. E., “Flight to the 
moon—human crews for space ships,” 
Astronautics, vol. 3, April 1958, pp. 
32-35, 81. 

An aviation psychologist notes that, 
while the isolation involved in interpline- 
tary flight will produce extraordinary st res- 
ses, man has often conquered similar sit ua- 
tions in the past. 


112 Rabideau, G. F. and Schloredt, 
D. L., “Space systems training devices,” 
Society of Automotive Engineers, Inc., 
N. Y., Paper-245D, 1960. 

Presented at the SAE National Acro- 
nautic Meeting, Los Angeles, Calif., Oct. 
10-14, 1960. Discusses a number of 
hypotheses concerning the desirable chiar- 
acteristics of space crew training and train- 
ing devices, and introduces principles to 
facilitate the design and development of 
useful training curricula and training 
equipment for manned space systems 


113° Rohrer, John H., ‘Interpersonal 
relationships in isolated small groups,” 
Psychophysiological Aspectsof Space Travel, 
ed. by Bernard E. Flaherty, Columbia 
University Press, N. Y., 1961, pp. 263- 
271. 

An analysis of isolation which defines 
terms and explores motivation and phases 
of adjustment. 


114 Ruff, G. E., “Isolation,’’ Asrro- 
NAUTICs, vol. 4, no. 2, Feb. 1959, pp. 22- 
23, 110-111. 

Isolation as source of stress in space 
flight is discussed in relation to the follow- 
ing variable aspects: psychologic dis- 
tance (“‘aloneness’’), isolated group con- 
flicts, reactions to confinement, and _ be- 
havioral changes which accompany sen- 
sory deprivations. 


115 Ruff, George E., ‘Experimental 
studies of stress in space flight,’’ Amer. 
J. Psychiatry, vol. 115, no. 12, June 1959, 
pp. 1109-1110. 


116 Ruff, G. E. and Levy, E. Z., 
“Psychiatric evaluation of candidates for 
space flight,’’ Amer. J. Psychiatry, vol. 
116, Nov. 1959, pp. 385-391. (Abstracted 
in Aerospace Medicine, vol. 31, no. 6, 
June 1960, p. 523.) 

Procedures for selection and psychologic 
evaluation of the pilots for Project Mer- 
cury are described. 


117 Ruff, George E. and Levy, E. Z., 
“Psychiatric research in space medicine,” 
Amer. J. Psychiatry, vol. 115, no. 9, 
March 1959, pp. 793-797. (Abstracted in 
Aerospace Medicine, vol. 31, no. 6, June 
1960, p. 522.) 

Studies at Aero Medical Laboratory, 
Wright-Patterson Air Force Base, on the 
effects of isolation, confinement and sen- 
sory deprivation were conducted to in- 
vestigate the problems of crew selection 
and existence in an artificial environment. 
These studies suggest that meaningful! 
structuring of experience is necessary for 
adaptation to drastic alterations in en- 
vironments. The conclusion of the authors 
is that the best qualification for a space 
crew member is a sound ego. 


118 Ruff, G. E., Levy, E. Z., and 
Thaler, V. H., ‘Studies of isolation and 
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confinement,” Aerospace Medicine, vol. 
30, Aug. 1959, pp. 599-604. 

Description of confinement tests con- 
ducted under simulated operational con- 
ditions with crew members of future air- 


craft and space vehicles, by planning 
groups of five men in a 17 X 7 X 6-foot 
compartment area. An evaluation of re- 
sults is included. 


119 Schock, G. J. D., ‘Sensory re- 
actions related to weightlessness and their 
implications to space flight,’ Air Force 
Missile Development Center, Holloman 
Air Force Base, New Mex., AFM DC- 
TR-58-6, AD 135 012, April 1958, 10 pp. 

Discussion of the implications of a sen- 
sory-starved environment and comparison 
to the conditions that will prevail in actual 
space flight. Recommendations for train- 
ing for future space flights are presented. 


120 Scott, T. H., “Literature review of 
the intellectual effects of perceptual iso- 
lation,’ Defence Research Board, Can- 
ada, Rep. no. HR 66, AD 147 724, July 
1957, 13 pp. 

Reviews evidence from experimental 
studies regarding efficiency in relation to 
variibility of the sensory environment, 
problems in explanation of performance 
change, and habituation with the repeti- 
tion of stimuli; 93 references. 


121 Sells, S. B. and Berry, C. A., 
Human requirements for space travel,”’ 
Air University Quarterly Review, vol. 10, 
Summer 1958, pp. 108-120. 

Selection, indoctrination and training 
procedures for space crews. Aptitude 
and skill requirements, biologic, medical 
and physical requirements, psy- 
chologic adaptability requirements; in- 
cludes bibliography. 


122 Sells, S. B. and Berry, Charles A., 
eds., Human Factors in Jet and Space 
Travel: A Medical Psychological Analysis, 
Ronald Press, N. Y., 1961, 443 pp. 

Professional source book covering the 
methods and achievements of aviation 
medicine. Includes sections on the selec- 
tion and training of crews and the abnor- 
mal physical and mental strains of space 
travel. 


123 Sells, S. B. and Berry, Charles A., 
“Human requirements for space flight,’’ 
Man in Space: The United States Air 
Force Program for Developing the Space- 
craft Crew, ed. by Kenneth F. Gantz, 
Duell, Sloan and Pearce, N. Y., 1959, 
pp. 161-177. 

Includes summary of psychologic adapt- 
ability and indoctrination and training 
requirements for man in space. 


124 Shternfeld, Ari, ‘‘Man in cosmic 
space,’ in Soviet Space Science, Basic 
Books, N. Y., 1959, pp. 163-189. (Trans- 
lated from the Russian by Technical 
Documents Liaison Office, Wright-Pat- 
terson Air Force Base, Ohio. ) 

Presents an excellent, simplified discus- 
sion of work and life under conditions of 
weightlessness. Defines G-force for the 
layman. 


125 Silverman, A. J., Cohen, S. I. and 
Shmavonian, B., “Investigations of pos- 


1961 


sible importance in space psychiatry,” 
Diseases of the Nervous System, vol. 21, 
no. 2, supplement, Feb. 1960, pp. 102-105. 


126 Silverman, A. J., Cohen, S. I. and 
Shmavonian, B. M., ‘‘Selection techniques 
for space crews,” Amer. J. Psychiatry, 
vol. 115, no. 12, June 1959, pp. 1110- 
1112. 

Describes suggested battery of tests to 
screen space crews. 


127 Simons, D. G., ‘‘Psychophysiolog- 
ical aspects of Manhigh,’’ ASTRONAUTICS, 
vol. 4, no. 2, Feb. 1959, pp. 32-33, 62-63. 

Describes testing of candidates for 
Manhigh III, including psychiatric evalu- 
ation and isolation tests. 


128 Skobba, Joseph S., ‘Military 
psychiatry,’ Amer. J. Psychiatry, vol. 
116, no. 7, Jan. 1960, pp. 651-653. 

A brief summary is presented of the 
subject areas treated in military psychiatric 
research during the year 1959, including 
studies of isolation and the psychologic 
aspects of the Transpolar Cruise of the 
Nautilus. 


129 Slater, E. T. O., ‘Psychological 
consequences of space travel,’ Brit. 
Interplanet. Soc. J., vol. 16, no. 3, July- 
Sept. 1957, p. 176. 

Reply to E. J. Wilcox (J BIS, vol. 16, 
Jan.—March 1957, pp. 7-10.) 


130 Slater, E. T. O., “Psychological 
problems of space-flight,’’ Brit. Inter- 
planet. Soc. J., vol. 9, no. 1, Jan. 1950, pp. 
14-18. 

An application of psychological findings 
from wartime studies of men under battle 
stress to the situation in the cabin of a 
space ship. 


131 Solomon, Philip, ‘Motivations 
and reactions in space flight,’’ Psycho- 
physiological Factors of Space Flight, 
ed. by Bernard E. Flaherty, Columbia 
University Press, N. Y., 1961, pp. 272-277. 

Discusses in speculative terms the role 
of motivation and the more dangerous 
emotional reactions of the space traveler. 


132 Solomon, Philip, Kubzansky, 
Philip, Leiderman, Herbert, Mendelson, 
Jack H., Trumbull, Richard and Wexler, 
Donald, Sensory deprivation: A Sym- 
posium held at Harvard Medical School, 
Harvard University Press, 1961, 272 pp. 

Authorities in their fields develop in 
papers research pertinent to clinical medi- 
cine, public health industry, the elucida- 
tion of the phenomenon of brainwashing 
and the psychological problems of space 
flight. 


133. Solomon, Philip, Leiderman, P. 
Herbert, Mendelson, Jack and Wexler, 
Donald, ‘‘Sensory deprivation: A review,”’ 
Amer. J. Psychiatry, vol. 114, Oct. 1957, 
pp. 357-363. 

A critical review of some of the most 
pertinent autobiographical, ‘“‘brainwash- 
ing,’ and experimental data in the field of 
perceptual and sensory deprivation. Al- 
though there are many separate factors 
operating in these various situations, it is 
clear that the stability of man’s mental 
state is dependent on adequate perceptual 
contact with the outside world. Points 
out that future studies in this area may 
well contribute to our knowledge of the 


psychological and behavioral patterns of — 


man under conditions of normality and 
stress. 


134 Steinberg, I. I., “Medical elec; 
tronics: Black bag in space,’ AsTRO-- 
NauTIcs, vol. 4, no. 6, June 1959, pp. 
26-27. 

Description of specially designed elec- 
tronic devices to determine the phy-— 
siological and psychological responses of 
man in space. 


135 Steinkamp, G. R., “Human fac- 
tors in space flight,”’ J. Arkansas Medical 
Soc., vol. 56, Feb. 1960, pp. 338-342. 

A discussion of the human factors to bea 
considered in the planning of manned — 
space flight, with reference to the work of © 
the Department of Space Medicine of the 
USAF School of Aviation Medicine. 
Topics include the time element, weight- 
lessness, and the psychologic selection and | 
training of space crews. 


136 Steinkamp, George R. and Hauty, © 
George T., ‘Simulated space flights,” 
Psychophysiological Aspects of Space Flight, 
ed. by Bernard E. Flaherty, Columbia— 
University Press, N. Y., 1961, pp. 75-79. 

Summarizes reactions of subjects to 30- 
hr confinemerit in space cabin simulator. 


137 Steinkamp, George R. and Haw- 
kins, Willard R., ‘‘Medical experimenta- 
tion in a sealed cabin simulator,’’ Physics 
and Medicine of the Atmosphere and Space- 
Proc. Second International Symposium on 
Physics and Medicine of Atmosphere and 
Space, San Antonio, Texas, Nov. 10-12, 
1959, sponsored by School of Aviation 
Medicine, Aerospace Medical Center (ATC), 
Brooks Air Force Base, Texas, ed. by Otis 
©. Benson Jr. and Hubertus Strughold, 
John Wiley and Sons, N. Y., 1960, pp. 
370-375. 

Briefly describes methods for simulating 
space flight. Points out that group 
dynamics will be a significant problem as a 
result of confinement and detached isola- 
tion. Studies indicate that man is adapt- 
able and has endurance and_ strength 
enough to withstand anticipated stresses; 
and that through training in sealed cabins 
he can attain acceptable performance 
levels. 


138 Steinkamp, George R., Hawkins, 
Willard R., Hauty, G. T., Burwell, R. R., 
and Ward, J. E., “Human experimentation 
in the space cabin simulator. Develop- 
ment of life support systems and results of 
initial seven-day flights,’ Air Force, 
School of Aviation Medicine, Brooks Air 
Force Base, Texas, Rep. no. 59-101, AD 
226 790, Aug. 1959, 88 pp. 

Human experimentation in a small space 
cabin simulator has been conducted at the 
USAF School of Aviation Medicine, and 
the first series of a group of significant 
studies is presented. The evolvement of 
the simulator, as currently used, is 
described. Results of a study of five sub- 
jects committed to seven-day periods in 
this small cabin and on a 4:4 work-rest 
schedule are shown and discussed from the 
standpoint of the physical, physiologic, 
psychophysiologic and nutritional impli- 
cations. 


139 Stewart, W. K., “Behavior in 
conventional and extra-terrestrial flight. 
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Some future aspects of aviation medi- 
cine,’’ Nature, London, vol. 184, Aug. 22, 
1959, pp. 578-582. 

Reviews physiological, psychologic and 
biochemical aspects of behavior and re- 
actions of man and animals during conven- 
tional and space flight. 


140 Stewart, W. K., ‘“Man as a con- 
troller of flight vehicles,’ Proc. Royal 
Insttt. Great Britain, London, vol. 37, pt. 
5, no. 169, 1959, pp. 512-523. 

Development of modern high-speed, 
high-altitude aircraft has brought new 
physiologic problems to human piloting. 
Also new emphasis has been placed on the 
psychologic implications of the pilot- 
instrument system relationship in which 
reaction time and the role of fatigue arc 
primary factors, 


141 Strughold, H., “The U. 8S. Air 
Force experimental sealed cabin,’ J. 
Aviation Medicine, vol. 27, no. 1, 1956, pp. 
50-52. 


142 Strughold, H. and Benson, O. O., 
Jr., ‘Space medical research,’ New 
England J. Medicine, vol. 261, no. 10, 
Sept. 3, 1959, pp. 494-502. 

Four broad research areas are dis- 
cussed: biophysics, or ecology of space; 
the space cabin environment; biodynamics 
in space flight; and the problem of selec- 
tion and training of astronautic candi- 
dates. 


143. Symposium on space psychiatry, 
Amer, J. Psychiatry, vol. 115, no. 12, June 
1959, pp. 1108-1112. 

Abstracts of papers presented at Psy- 
chiatric Aspects of Space Travel (19, 115, 
126 and 158), Southern Divisional Meeting 
of the American Psychiatric Association, 
Miami, Fla., Dec. 2, 1958. 


144 U.S.A.F., School of Aviation Med- 
icine, ‘Epitome of space medicine,” 
Randolph Air Force Base, Texas, 1 vol., 
AD 159 052, 1958. 

Collection of 30 published articles and 
research reports, including those on sub- 
jects of weightlessness, psychology and 
day-night cycle. 


145 U. S. National Library of Medi- 
cine, “Bibliography of space medicine,” 
compiled by Charles A. Roos, U. 8. Public 
Health Service, Washington, D. C., 
Publication no. 217, Bibliography Series 
no. 21, 1958, 49 pp. (Also published in 
U". S. Armed Forces Medical J., vol. 10, 
Jan.—July 1959, pp. 173-217.) 

381 references through 1958. 


146 U.S. Senate Committee on Aero- 
nautical and Space Sciences, ‘Space 
research in the life sciences: An inventory 
of related programs, resources, and facili- 
ties, July 15, 1960,” 86th Congress, 2nd 
Session, Superintendent of Documents, 
Washington, D. C., 1960, 269 pp. 

Bibliography, tables, National Aero- 
nautics and Space Administration organ- 
ization, agencies of the U. S. Air Force, 
Navy and Army involved in space 
research, current major programs and 
manpower. Appendixes contain: “From 
Aviation Medicine to Space Medicine” 
(Hubertus Strughold), 55 references, pp. 
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229-238; “Impact of Space Exploration 
on Biology and Medicine’ (Clark T. 
Randt), pp. 239-242; ‘Psychiatric Eval- 
uation of Candidates for Space Flight’ 
(George E. Ruff and Edwin Z. Le-ry), pp. 
243-249; ‘Man Alive in Outer Space” 
(Thomas R. A. Davis), pp. 250-259; 
“Man in Space...Where We Stand” 
(Paul A. Campbell), pp. 260-262. 


147 Vaeth, J. G., “Training for space,”’ 
ASTRONAUTICS, vol. 1, Fall 1954, pp. 1-6. 

The role of training in the preparation of 
space flight crew members and the need 
for a space ship simulator to provide real- 
istic training situations. 


148 Van Woerden, J., “Space medi- 
cine bibliography (Ruimtevaartgenees- 
kunke),’’ Technisch Documentatie en In- 
formatie Centrum voor de Krijgsmacht, 
Netherlands, Rep. no. TDCK-16903, AD 
227 817, Feb. 1059, 45 pp.; 110 refer- 
ences. 


149 Vernon, Jack A., McGill, Thomas 
E. and Schiffman, Harold, ‘‘Visua! hallu- 
cinations during perceptual isolation,” 
Canadian J. Psychology, vol. 12, no. 1, 
1958, pp. 31-34. 

A total of 20 subjects were confined for 
periods of up to 72 br under two condi- 
tions of sensory deprivation, one more 
rigorous than the other. The greatest 
number and variety of hallucinations were 
produced in confinement permitting a 
great deal of visual stimulation, but not 
pattern vision. 


150 Von Beckh, H. I., ‘‘Weightlessness 
and space flight,’”’ Astronautics, vol. 4, 
no. 2, Feb. 1959, pp. 26-27, 84-86. 

Experiments indicate that astronauts’ 
difficulties will not lie in the weightlessness 
state itself, but in its aggravation of other 
conditions. 


151 Vosburg, Robert, Fraser, Norman 
and Guehl, John, Jr., “Imagery sequence 
in sensory deprivations,”” Amer. Medical 
Assoc. Archives of General Psychiatry, 
vol. 2, no. 3, March, 1960, pp. 356-357. 

Subjects were isolated for three hr in 
successive conditions of total silence and 
darkness, total darkness with an am- 
biguous noise source, and total silence with 
homogeneous visual-field illumination. 
Behavior cycle included a period of adap- 
tation characterized by recollection of 
memories associated with the available 
sensory input, followed by the develop- 
ment of classic neurotic behavior, with 
decreasing associative ability, and finally 
by panic. 


152 Wexler, Donald, Mendelson, Jack, 
Leiderman, P. Herbert and Solomon, 
Philip, “‘Sensory deprivation, a technique 
for studying psychiatric aspects of stress,”’ 
Amer. Medical Assoc. Archives of Neu- 
rology and Psychiatry, vol. 79, 1958, pp. 
225-233. 

As a means of inducing stress, 17 normal 
male volunteers were exposed to percep- 
tual and sensory deprivation through the 
use of a tank-type respirator for periods 
up to 36 hr. Two cases are described in 
detail. The findings are discussed in rela- 
tion to pertinent psychological and psy- 
chiatric literature. 


153 Weybrew, Benjamin B. and Par- 
ker, James W., comp., “Bibliography of 
sensory deprivation, isolation and con- 
finement,’’ Naval Medical Research Lab- 
oratories, New London, Conn., Memo 
Rep. no. 60-1, Jan. 1960, 12 pp. (Also 
published in U. S. Armed Forces Medical 
J., vol. 11, AD 234 102, Aug. 1960, pp. 
903-911.) 

Listed are 146 references under headings 
of: review articles, anecdotal literature, 
experimental literature, studies of con- 
finement peculiar to space flight; studies 
of confinement peculiar to submarine en- 
vironment; sociological and prison ¢on- 
finement; animal studies; miscellanecus. 


154 Wheaton, Jerrold L., “Fact and 
fancy in sensory deprivation studies,” 
School of Aviation Medicine, Brooks Air 
Force Base, Texas, Aeromedical Reviews, 
Rev. no. 6-59, AD 226 325, Aug. 1959, 60 


pp. 

Contents: background of the sensory 
deprivation research; the nature of isola- 
tion; review of anecdotal and clinical 
literature on isolation; review of experi- 
mental literature; summary of present 
knowledge of isolation effects on human 
behavior; implications for military prob- 
lems. 


155 White, Stanley C., “Human fac- 
tors and bio-astronautics,’’ ASTRONAUTI‘s, 
vol. 4, no. 11, Nov. 1959, pp. 34, 166. 

State of the art report for the AMERICAN 
Rocket Society Human Factors and Bio- 
Astronautics Committee; 40 references 


156 Wilcox, E. Jack, ‘Psychological 
consequences of space travel,’ Brit 
Interplanet. Soc. J., vol. 16, Jan.-March 
1957, pp. 7-10. 

Discusses the emotional pressure of 
outer space, and the prevention and treat- 
ment of emotional problems which will 
arise among space crews. 


157 Williams, K. G., The New Fron- 
tier: Man’s Survival in the Sky, William 
Heinemann Medical Books, London, 
1959, 161 pp. 

Of special interest are chapters on the 
basic man-machine control system; the 
problem of input, man vs. automatic con- 
trol; fatigue, prevention of fatigue; selec- 
tion of the man, teamwork in flying; 
problems and psychological dangers of 
weightlessness. 


158 Williams, R. L., ‘The nature of 
space flight,’ Amer. J. Psychiatry, vol. 
115, no. 12, June 1959, pp. 1108-1109. 

An abstract of a speech presented at the 
Symposium on Psychiatric Aspects of 
Space Travel, Miami, Fla., Dec. 2, 1958. 


159. Wilson, Charles L., ‘Project 
Mercury candidate evaluation program,” 
Aerospace Medical Laboratory, Wright 
Air Development Center, Wright-Patter- 
son Air Force Base, Ohio, T/R-59-505, ADD 
234 749, Dec. 1959, 133 pp. 

Chapter VII includes a description of 
psychological tests administered to Proj- 
ect Mercury candidates. The general 
characteristics desirable in space pilots are 
listed. In the final candidate recommen- 
dation, psychological attributes outweigh 
physiological attributes. 
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fusion due to pressure gradients. 


weight ratio is small. 


[ HAS been recognized for some time that, if the full po- 
tential of nuclear energy for rocket propulsion is to be 
realized, the limitations currently imposed by material tem- 
peratures must be circumvented. The performance of a heat 
transfer rocket such as envisioned by the “Rover” program 
is limited by the maximum temperature that can be tolerated 
by the fuel elements, and not, as in chemical rockets, by the 
energy content of the fuel. 

Nuclear rocket performance can be improved if ways can 
be found to transfer energy from the fuel to the propellant 
without the use of heat transfer surfaces, and to then isolate 
the hot propellant from solid boundaries, so that as little 
energy as possible is deposited in the solid. The first re- 
quirement can be met by allowing the propellant and fission- 
able material to mix in the gas phase, so that the energy trans- 
fer takes place by molecular collisions. However, since fission- 
able material is very costly, and at least a few kilograms of it 
must be retained in the reactor to insure criticality, some 
means must be found for containing the fissionable material 
within the reactor as the propellant passes through it. 

One method of containment was considered by Kerrebrock 
and Meghreblian (1). It utilizes the strong radial pressure 
gradient of a vortex to induce diffusion between the heavy 
fissionable gas and the light propellant gas. Their analysis 
assumed laminar, inviscid flow. It showed that the radial 
mass flow rate per unit of vortex tube length, which is limited 
by the diffusion rate, is small but independent of the vortex 
diameter for a given tangential Mach number. This fact led 
to the concept of a vortex reactor composed of many vortex 
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Feasihi ity of Turbulent Vortex 
Containment in the Gaseous 
Fission Rocket 


M. L. ROSENZWEIG! 
W. S. LEWELLEN' 


J. L. KERREBROCK? 
Space Technology Laboratories, __ 
Inc. 
Los Angeles, Calif. - 


A semi-empirical extension of the laminar diffusion analysis of Kerrebrock and aeesiuaininns is 

made incorporating the experimental information reported by Keyes, concerning the turbulence 

levels and attainable vortex strengths in jet driven vortex tubes. It is assumed that the turbulent 

eddy diffusivity increases the diffusion due to concentration gradients, but has no effect on the dif- 
From the experimental data and this assumption, it is deduced 
that satisfactory containment of plutonium, or one of its compounds, in hydrogen is possible for cer- | 
tain ranges of the vortex tangential and radial Reynolds numbers. 
system by the requirements for nuclear criticality and fission fragment absorption are examined. 
It is concluded that a vortex reactor providing a significant increase in gas enthalpy over that of the 
solid fuel nuclear rocket is feasible, however the total system mass is very large, and the thrust to_ 
Several schemes for increasing the vortex strengths, and reducing the turbu-— 


lence level, are reviewed in the light of these results. 


The restrictions imposed on the 


tubes of small diameter, and therefore capable of a high total 


mass flow and a large thrust to weight ratio. 

An experimental study of the feasibility of generating 
vortexes of the character required for this device has subse- 
quently been carried out by Keyes (2). These experiments 
show first that the flow in cylindrical vortex tubes driven by — 
tangential jets is turbulent, and second that the turbulent — 
shear at the boundary of the vortex is so large as to make the 
generation of vortexes with the required combination of low 
radial mass flow and high tangential velocity very difficult. 
‘xperiments by Ragsdale (3) have further confirmed these 
results. 

In the light of these experimental data, it seems worthwhile | 
to re-evaluate the feasibility of vortex containment for the 
gaseous fission rocket. This is the aim of the present study. 

Whether containment can be achieved in simple, jet-driven 
vortex tubes of the type studied by Keyes is considered in the 
first part of this paper. Extension of the laminar diffusion 
theory to turbulent flow is made by assuming first that the 
turbulent Schmidt number for concentration diffusion is 
unity, and secondly that pressure diffusion is not influenced 
by the turbulence.4 The turbulent viscosity is taken from 
the Keyes’ correlation with the tangential Reynolds number 
of the vortex which is based on the diameter of the vortex 
tube. It is concluded that satisfactory containment is possi- 
ble if certain limitations on the tangential Reynolds number 
are not exceeded. 

The influence of the containment criteria on nuclear criti- 
cality and fission fragment absorption is considered next, and 
the overall performance of the system is estimated. 

Though the analysis is carried out for a reactor consisting 
of a number of discrete jet driven vortex tubes embedded in a 
moderator material, the functional relations derived in the 
present study are applicable to other vortex reactor systems 
as well. Several of these schemes are discussed in terms of 


4 A similar assumption has been made by Ragsdale (3). 


> 
= 
+ 
— 
é f 
pt 
>», 
the 
| = 
= 
2 
; 


analysis. 


Containment Criteria 


Diffusion in Turbulent Vortexes 


A complete analysis of containment in laminar, inviscid 
vortexes has been given in (1). To adapt this analysis to 
turbulent flow, it is necessary to account for the influence of 
turbulence on the rates of diffusion. This can be done at 
present only in a semi-empirical way. There is, of course, a 
considerable body of experience justifying Reynolds’ analogy, 
and its analog for mass transport, in turbulent pipe flows; 
however, in that case diffusion occurs only because of con- 
centration gradients. In the vortex containment scheme, the 
containment is made possible by the relative diffusion of light 
and heavy molecular species in the strong pressure gradient 
of the vortex, i.e., by pressure diffusion. The influence of 
turbulence on the rates of pressure diffusion is, therefore, 
crucial to the present analysis. 

It is proposed that the rate of pressure diffusion is in fact 
independent of the turbulent intensity, and exactly equal to 
that which would exist in a laminar flow with the same pres- 
sure gradient. It can be argued that this must be true, so 
long as the turbulent pressure fluctuations are small; however, 
the ultimate verification must be derived from comparison 
with experiments. 

At present, the experimental data is very scanty, being re- 
stricted to one or two examples of gaseous separation in 
vortexes, as reported by Keyes and Dial (4). However, the 
agreement of Keyes and Dial’s results with predictions based 
on the above postulate is sufficient to make a strong case for 
its validity. 

As in (1), a two-dimensional vortex flow will be considered, 
the gas comprising a light species, typically hydrogen, and a 
heavy species, typically plutonium. It will be assumed that 
the two gases do not react chemically, so that each species 
satisfies a separate continuity equation. Alternatively, the 
overall continuity equation for the gas mixture, and that for 
heavy gas, may be used. If p is the gas density, wu its radial 
velocity, and r the radius, the former equation is simply 


—pur = (Qi + [1] 


where Q; and Q, are the mass flows of light and heavy gas per 
unit of vortex length. Similarly, if p. and ue are the density 
and diffusion velocity of the heavy gas, its continuity equation 
is 


—p(u + w)r = Q./2r [2] 


Assuming that the eddy diffusivity is € times as large as the 
laminar diffusivity for concentration diffusion, and that the 
diffusivity is equal to the laminar value for pressure diffusion, 
the binary diffusion equation may be written (5) 


— pe n— dr 


n(m, — m2) din P| 

> p dr 


where 
n, Ne eavy gas concentrations, respectively 
Pp = pressure 

mi, mM. = masses of the light and heavy molecules, respec- 

Dye = binary diffusion coefficient 

4 


The first term in the brackets represents the concentration 
diffusion, hence is multiplied by the factor (1 + ¢€), while the 
second term, representing the pressure diffusion, retains its 
laminar form. 
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their expected performance improvements as indicated by the 


It will be assumed that the turbulent Schmidt number js 
unity, i.e., that the turbulent diffusivity for mass transport is 
the same as the turbulent diffusivity for momentum transport, 
In this case, (1 + €) equals the ratio of turbulent and laminar 
viscosities divided by the laminar Schmidt number, Sc = 

It is convenient to rewrite the equation in terms of the 
density ratio, w = men./mn,. Later arguments will show 
that w is not likely to exceed about 10 in practical cases. so 
that n/n <1. With this fact, and the radial momentum 
equation, dp/dr = pv?/r, Eq. 3 may be written in the form 


(+ "\( Qe —2rpiD12 x 
Qi + Qi + Q 


dinr my 


where 1/? = v?/yRT is the tangential Mach number based on 
the speed of sound in the light gas. 

A complete solution of the diffusion problem requires the 
simultaneous solution of Eq. 4 with an energy equation an: a 
tangential momentum equation, both of which enter into «e- 
termining the variation of \/? with r. Such solutions were ob- 
tained in (1), where it was found that under certain conditions, 
the density ratio w may have a simple maximum within the 
vortex, so that the fissionable material is in fact contained 
away from the periphery of the vortex, as indicated in Fig. 1. 

From Eq. 4, it may be seen that, if such a simple maximum 
of w exists, then at the value of r corresponding to its position, 


the Mach number and mass flow rate are related by aif 
(¢ x 
m 


[(m2/m:) — 1] 2rpiD» 
+ Q: 


Wm 


where subscript m denotes quantities evaluated at the radial 
position of the maximum. This is, of course, exactly the same 
relation as was obtained for laminar diffusion, as there is no 
concentration diffusion at the stationary point of w. It fol- 
lows that for a given radial mass flow rate and a given varia- 
tion of 7 with r, the position of the maximum of w within the 
vortex is independent of the turbulence level. This conclusion 
is a direct consequence of the assumption that pressure dif- 
fusion is unaffected by turbulence, and its agreement with 
experiment, which will be described later, is therefore a justi- 
fication of the assumption. 

In view of the incomplete knowledge of the turbulent struc- 
ture of vortexes, a detailed solution of the diffusion problem 
such as was obtained in (1) is not appropriate; rather a 
solution for w will be constructed by expansion about r,,. 
Thus, let 
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where the linear term is zero by definition of r,,. It will be con- 
venient to introduce variables made dimensionless by division 
by their values at rn, e.g., = 7/Tm, W’ = W/Wn. 

The expansion will be carried only to the second order, as 
indicated. Assuming that p,Dj. is proportional to (7’)*, and 
differentiating Eq. 4 to obtain (d’w’/dr’?),, it is found that 


YM n?[(m2/m) — 1] 
dr’ 


adr’ Jn 


Nie 


(te) 
\ dr’  \dr’/, 2\ dr’ m 


It will be demonstrated in the next section that for the cases 
of interest here, the velocity profile is approximately that of 
potential flow, i.e., v’ ~ (r’)— so that 


dM’ 1 (dT’ 


In this case, Eq. 6 becomes 


— YMn?[(m2/m) — 1] 
[i+ 5a w) X 


The value of w is } for “hard sphere” molecules, unity for 
\Iuxwellian molecules, and about 2 for most gas pairs (5). 
From Eq. 8, it may be seen that, where (dT’/dr’), < —2/(1 
— w), no peak of the density profile can exist. w was taken as 
+ in (1) and it was concluded that (dT’/dr’), > —4 was 
necessary. For w = 3, this becomes (dT’/dr’),, > —8. The 
heating rate corresponding to these temperature derivatives 
was termed the ‘maximum heating rate” in (1). It is seen 
that the maximum heating rate for w = 2 is twice that for 
w = 3. An intermediate heating rate, or temperature deriva- 
tive, exists beyond which the profile of w displays two sta- 
tionary points, a maximum anda minimum. This was termed 
the “critical heating rate,” and is an upper limit to the heating 
rate for a simple peaked distribution of w. 

Corresponding to the critical heating rate there is a maxi- 
mum overall temperature ratio compatible with the simple 
peaked distribution. Depending on .1/,, and w,, this was 
found in (1) to be between two and four. There seems to be 
no simple way to estimate this critical heating rate for the 
present case, but it is quite likely that it increases as the 
maximum heating rate increases, so that the maximum overall 
temperature ratio increases as w increases. It can be seen 
quite readily from Eq. 4 that for w = 1, there is no limit to the 
heating rate compatible with a simple peaked distribution 
of w. 

In the following work, Eq. 8 will be assumed to describe the 
concentration profile of heavy gas in the vortex. This ap- 
proximate profile actually lies below the profile given by in- 
tegration of the complete system of differential equations. 
A typical profile from (1) is compared in Fig. 2 with the ap- 
proximation to it given by Eq. 8. For this case, the approxi- 
mate solution gives w’ = 0 at a value of r’, which is 1.2 times 
the value for which the exact solution gives w’ = 10-4, Thus, 
« slight correction to the approximate theory is needed; the 
maximum permissible radius of the exit nozzle r,’ will be 
taken as 0.8 of r.’, the value given by Eq. 8 for w’ = 0, 
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Fig. 2 Comparison of a typical concentration profile with its 
parabolic approximation: radius normalized with respect to 
position of maximum w’ 


dT’ [9] 
iv 
Comparison With Separation Experiments 7 


The two results of the above approximate analysis which 


can be compared with Keyes and Dial’s experiment are: ni 
position of the concentration peak, as given by Eq. 5, and the — 


value of (d2w’/dr’) m, as implied by Eq. 8. As was mentioned 
above, the first comparison may be regarded as a test of the — 
hypothesis that the rate of pressure diffusion is independent 
of the turbulence. Keyes and Dial have made this comparison 
for several cases [see (4), Table IV, p. 76] and find the agree- 
ment to be good. One of their cases has been analyzed in 
some detail® [see (4), Case 3, Table IV, p. 76]. The Mach 
number profile, determined from the measured pressure pro- 
file, and the profile of w’ are shown for this example in Fig. 3. 
For this case, Q, = 0.0015 Ib per sec, and using Keyes’ values 
of 0.27 « 1073 ft? per sec at 80 F and 1 atm for Dj», and 0.5 
for (Qo/Q:)(w»,/w.), Eq. 5 yields MV, = 0.51. The measured 
value is 7, = 0.68. 

In the following work, it will be assumed that the turbulent 
Schmidt number is unity. To compare the prediction of 
(d?w’/dr’?),, based on this assumption with Keyes’ measure- 
ments, it is necessary to determine the eddy viscosity from the 
measured pressure profile. This has been done in two ways. 
In the first, an analytical solution for the tangential velocity 
(see Eq. 11) was fitted to the Mach number profile of Fig. 
3, assuming 7’ constant. By this method, Re** was found to be 
—0.67, and (dM'/dr’)m = —0.25. These yield a profile of the 
form w’ = 1 — 0,17 (r’ — 1)? 

On the other hand, by fitting an analytical pressure profile, 
obtained by integration of the analytical velocity profile to the 
measured pressure, we find Re* = —1.8. This gives w’ = 
1 — 0.45(r’ — 1)%. 

The second method seems a more reliable one for deducing 
Re*, so its prediction is compared with the data in Fig. 3. 
It underestimates the curvature somewhat, but considering the 
difficulty of estimating (dM’/dr’) and Re*, the agreement may 


5 The authors are grateful to Dr. Keyes for personal communi- 
cation of the pressure profile for Case 3. 
6 See Eq, 11 for definition of Re*. rg 
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10 ; ; be regarded as satisfactory. Clearly a more precise experi- js accu 
«io oe, ment is needed before the theory can be definitely confirmed oa. 
SCHMIDT NUMBER=|——! Phat | In summary, Eq. 5 gives the relationship between the tan- throus 
ate | ‘EXPERIMENTAL POINTS 1 ° gential Mach number at the peak of w, and the radial mass It i 
| 'DETERMINED BY KEYES ! ° flow rate Q;. If the containment is satisfactory, Q2 « Q,, and in the 
"| REF. (4) since w,, is of order unity, the term in the brackets js For 
06 4 ees negligible. Dropping it and writing Q, in terms of the radia] inject 
Reynolds number Re = pur/u = we find cover 
iffer 

[TINNER RADIUS OF ySe[(m2/m) — 1] 
2 END BLEED HOLES rt 
- |ON 0.25 INCH RADIUS | In the following calculations, it will be assumed that y = 1.3, die 
| [SEE REF. (4)|—_— Sc = 1, m2/m, = 120, so that /,,2 = —0.0065 Re. This ex- the «: 
0.2;— = : pression and Eq. 9 complete the description of the separation cover 

RADIUS OF CENTRAL 1 : process for the present purpose. In the next section, the 

EXIT HOLE : specification of € and /,,, in terms of fluid mechanical parame- 

0 ters of the vortex flow, will be described. 
0 0.2 03 
Determination of Fluid Mechanical Relations 

Fig. 3 Comparison of turbulent diffusion theory with experiment 
In order to arrive at a criterion for satisfactory containment wher 
it is necessary to relate the turbulent diffusivity to the fluid of th 
mechanical variables, and to determine how the velocity varies Co 
through the vortex. Eq. ! 


Determination of the velocity profile is relatively simple. 
Since heat addition and compressibility do not affect the tan- 
gential momentum equation in two-dimensional flow, a wher 
straightforward approach such as that used by Einstein and 
Li (6) can be employed to find the velocity profiles. Outside 
the exit hole radius, (6) gives as a solution Asin 


-1 Re*+1 (1) \ 

=A + (1 1 rone 

where 
x 


appr 
Re* + 2(1 — e%e*/2) Rey: 
 Re* {1 — +2} + 2(1 valu 
and fe* is the radial Reynolds number based on the turbulent men 
viscosity (laminar plus eddy) and has been taken as constant. geor 
For any fixed value of (r./7) between zero and one, A ap- abot 
proaches unity exponentially as (—Re*) becomes infinite. effec 
In fact, for r > r, the approximation valu 
2 
Fig. 4 Recovery of injection velocity To dicu 
tha 
a 
= late 
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X= O7 ale 
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Fig. 5 Comparison of theoretical and experimental jet velocity recovery as a function of effective radial Reynolds number the 
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is accurate to within 15% as long as (— Re*) > 3 and (r-/ro) > 
0.1. Since this assumption is quite accurate and results in 
considerable algebraic simplification, Eq. 12 will be adopted 
throughout the remainder of the analysis. 

It is necessary to determine the actual peripheral velocity 
in the vortex in terms of a physically measurable parameter. 
For jet driven vortexes, the obvious choice is the tangential 
injection velocity. The fraction of the jet velocity that is re- 
covered in the vortex may be found by a balance between the 
difference of the angular momentum fluxes in the jets and 
exit flow and the retarding torque due to shear at the tube 
wall. Such a calculation was carried out by Rosenzweig (7) 
for the case of laminar flow. The geometry considered is 
shown in Fig. 4. Using the velocity profiles given by Eq. 11 
the calculation results in the following expression for jet re- 


covery 
{1 Re 2A + ay] 


[13] 


R 
ll 


where A is the ratio of injection radius (ro) to the total radius 
of the vortex tube (d/2). 

Consistent with the approximation of Eq. 12 (i.e., A = 1), 
Eq. |3 may be rewritten in the form 


a = —Re/(a — Re) _ 


[14] 


A similar result was obtained by Kerrebrock and Meghreblian 
(1) who performed an approximate torque balance (and er- 
roncously omitted a factor of 2). 

Although the calculation in (7) was performed for laminar 
flow, experimental evidence indicates that Eq. 14 is at least 
approximately correct for turbulent flow if the laminar 
Reynolds number is replaced by an appropriate turbulent 
value based on the total viscosity, i.e., Re*. 

Kq. 14 is plotted in Fig. 5 for several values of A. Experi- 
mental points from (2 and 4) are also shown in Fig. 5. The 
geometrical values of for these experiments ranged from 
about 0.88 to 0.95. It is clear from the comparison that the 
effective value of \ is somewhat smaller than the geometrical 
value. Two phenomena which could contribute to this dif- 
ference are the mixing of jets and the turning which a super- 
sonic jet suffers if the exit plane of the nozzle is not perpen- 
dicular to the nozzle axis. Within the limit of this uncer- 
tainty, the data indicate the validity of Eq. 14. 

Keyes (2) has experimentally determined the variation of 
turbulent eddy viscosity in jet-driven vortex tubes. He found 
that the ratio of eddy viscosity to molecular viscosity corre- 
lated with the tangential Reynolds number evaluated at the 
periphery of the vortex. The experimental data scatter about 
a least squares line given by the expression (see Fig. 6) 


= C\(Rew)* [15] 


where 


a = 2h?/(1 — 


where 


Rew = vopod/ po 
C, = 2038 x 10- 
k 0.86 


The uncertainty in these data is rather large. Keyes deter- 
mined u*/u by comparing velocity profiles deduced from ex- 
perimentally determined pressure distributions, with analyti- 
cal profiles, at only one radius in the vortex. In reality the 
eddy viscosity may be expected to vary throughout the vortex 
and thus the results would depend on the point where the com- 
parison was made. Nevertheless, these are the only data of 
this sort available at the present time. 

If, however, the functional form of Eq. 15 is correct (and 
there seems to be little reason to doubt its validity) the indi- 
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Fig. 6 Variation of eddy viscosity with tangential Reynolds 7 
number [from (2)] 


cation is that the turbulent level in the vortex is determined by — 
the boundary layer on the outer cylinder and not directly by | 
the jets, as some had previously conjectured. Furthermore, if PY 
one assumes that the boundary layer at the outer cylinder is — 
similar to a flat plate boundary layer at the same Reynolds © 
number (such that the shear at the wall is proportional to — 
Re~-?), then the exponent & turns out to be 0.8 (compared © 
to 0.86 for Keyes’ experiments). 


Results for Satisfactory Containment 


It is now possible to combine the previous relations and 
thus define the regions of fluid mechanical variables for which 
satisfactory containment of a fissionable gas, in a turbulent 
vortex, is possible. Using the theoretical relation between 
mass flow and Mach number from the diffusion analysis (Eq. 
10) together with the experimental results from Keyes (Eq. 
15) gives 


M,,.? = —C.Re = 
—C,C2Re*(Rew)* 


1/k 
Rew = ( 


Also, from Eqs. 12 and 13 


or 


where a bar over a symbol indicates it is normalized with re- 
spect to its value at r = 1». 

The radius of the maximum concentration 7, is related to 
7, and Re* (through Eqs. 9 and 10) by the formula 


_ 
where 


Tm 


4 
> 
[16] 
= 7 
= 
877 


Using the above expression for 7m, and meatlinding for a been carried out for such systems (8), in which graphite and 
from Eq. 14 gives beryllium oxide were considered as moderators. It was found 
that there were optimum values of the reflector thickness and 


M,,2 = _ Me (7 ) ay - void fraction (6) which minimized the reactor weight. These 
f,? (a — Re*)? * values were about 15 cm and 0.6 respectively. The mass of 
is such reactors is given in Fig. 8 as a function of the macroscopic 
{[—Re*(1 + 6)]'* — 1}? [18] fission cross section, averaged over the core. 
(1 + b) When all the fissionable material is in gaseous form, the 


macroscopic fission cross section for the reactor can be writte 
Eq. 16, with M/,, given by Eq. 18, is plotted in Fig. 7 for a e P 


few values of (7;/Tm) and b. The curves are lines of constant Lrg = Snyso;s 
7.. Thus, the maximum value of 7, for satisfactory contain- 
ment is defined for each point in the plane. Note that for 
any given value of 7,., there is a maximum value of Re,» for 
which the vortex will satisfactorily contain the fissionable 
material. This limit represents a rather strong restriction 
on the fluid mechanical variables, as will be seen in the next 
section when criticality requirements are considered. 


where n,is the average concentration of fissionable material in 
the vortex tubes and a, is the microscopic fission cross 
section. 

If some of the fissionable material in the reactor is conti ined 
in the solid phase (e.g., distributed throughout the moder: tor) 
then the overall macroscopic fission cross section becomes 


The curves in Fig. 7 are cut off at Re* = —3, since below te _ Onsos en ll 119 
this point the approximation of Eq. 12 is no longer valid. _ t1-f- : [19] 
Also, it is rather dangerous to extrapolate Keyes’ experi- __ ns 
mental results (Fig. 6) to values of Re which correspond to where f de notes the fraction of the fissionable material in the 
very low values of u*/p. solid. 

; The average concentration n; can be written in terms of the 
fluid mechanical variables as follows 

In the previous section a formula was derived which details 

the fluid mechanical requirements for the successful operation ( WmW = 


of a vortex as a containment device. If the reactor is to 
generate power, it must contain fissionable material in 


reaction. This where the s denotes standard conditions in the light- 
criticality requirement is a function of the reactor geometry __ weight gas a e.g., hydrogen), and 


and composition, and may _be characterized by the macro- _ 
scopic fission cross section ) for the reactor. For a specific a ne Ey? ¥ [21] 
geometrical configuration composition, the value of 2, 

determines the size and weight of the reactor. As 2, de- 


creases, the size increases, until, for some value of Z,, an in- 
finite reactor is required for criticality; beyond this value it 


‘heb parameter @ represents a dimensionless fuel concentra- 
tion in the vortex, and is a nuclear figure of merit for the 


is impossible to sustain a nuclear reaction. all “yan. 
The vortex reactor envisioned in the present study consists Taking 
of a large number of small vortex tubes interspersed in a : = 0.6 — ia—— == ¢ , ewe 
neutron-moderating material and surrounded by a beryllium = 0.9 x 10-7! cm? 
reflector. The reactor is assumed to be aright circular cylinder = 4 X 10-%g ms - 
with equal height and diameter. Criticality calculations have = 0.82 X 10 g 
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Fig. 7 Maximum tangential Reynolds number for satisfactory containment, as a function of effective radial Reynolds number 
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the final result for 2, is 


2, = 1.9 107-4 


i = em~! [22] 


From Fig. 8, the minimum practical value of 2; is about 


a plutonium-hydrogen system as described is to be critical. 7 


Derivation of Attainable Fuel Concentration 


In this section a rough estimate will be made of the values 
of @ that are attainable within the restrictions imposed on the 
system by the requirements for containment. 

Examining the parameter @ in more detail, it is seen that 


Eq. 2! can be rewritten 
Pi ave 


Plave 


Ps 


~ 

Rew Mo \; 

aM: YT; 
As long as .V/; is of order one, To/T; ~ 1, so that the last fac- 
tor i Eq. 23 may be ignored in the present analysis. Further, 
if it is assumed that » ~ T'” then the grouping 
(uo/p.V YRT>) is a constant property of the light gas and is 
independent of temperature. For hydrogen this constant is 
approximately: 9 X 10 cm. 

The quantity in parentheses on the right hand side of Eq. 
23 is the inverse of a characteristic Reynolds number based on 
the properties of the light gas and the diameter of the vortex 
tubes. Since the maximum value of Re, is limited by the tur- 
bulent containment criteria, it is evident that @ ~ 1/d, in- 
dicating that small diameter tubes are a requirement for 
criticality. 

Proceeding to the evaluation of the other terms in the ex- 
pression for @, the function w’,,¢ can be found by integrating 
the approximate parabolic concentration profile over the 
vortex. Defining the outer radius of the parabolic concentra- 
tion profile by 7a, (with 7a = 27m — 7.), (see Fig. 2) the integra- 
tion vields 

8 [—Re*(1 + b)]'” 


72 


([—Re®( + BHT” 1}? 


w ave 3 


fo<t [24] 


Evaluation of p; ave/po in terms of other variables is not 
quite as simple. The difficulties are reduced somewhat if it is 
assumed that p; ave ~ pi m- This assumption is valid as long 
as7,, ~ 0.5. Estimation of p; »/po is accomplished by inte- 
gration of an approximate radial momentum equation. 

When (u/v)? « 1, the radial momentum equation reduces to 


d\n p 
= 
dinr [25] 


This equation can be integrated by dividing the vortex into 
two regions and making some further simplifying assumptions. 
In the region outside of the annulus containing the nuclear 
fuel, the velocity is proportional to 1/r while the temperature 
remains very nearly constant. Therefore, when 7 > 7, 


3 


Within the annulus bounded by 7, and 7a, it is assumed that 
the Mach number is constant and equal to its value at the 
point of maximum concentration; thus, in this region 


dln p 2 
= yM,,? 7 
(1 wn) 27] 


The term in parentheses in Eq. 27 represents a density correc- 
tion due to the presence of the heavy fuel concentration in this 
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Fig. 8 Mass and radius of beryllium reflected graphite reactors 
with length and diameter equal—reflector thickness, 15 cm. 


region, [(2/3)w,,] being the average value of w over the 
annulus. 

Using Eqs. 26 and 27, the value of pn can be found by in- 
tegration. The result, then, for p; »/po is 


Pim To Pm To 

— = — — = — exp] — a? 1) 

Po Po 2 ( 


+ (1 + In (=)| [28] 


where .1/,, is given by Eq. 17. 

Thus far, the parameter w,, has been left free. Since a 
large value of @ is obviously desirable from the point of view 
of reactor size, it might seem at first glance that w,, should be 
made as large as possible. However, w,, appears in the ex- 
ponent in the expression for pm/po, and so cannot become very 
large before @ becomes minute. The parameter w,, can be 
eliminated from further consideration by optimizing @ with 
respect to it. This procedure leads to the result 


1 

(2/3)yM,.2 In (Fa/Fn) 


Putting these expressions back into ® (and using the results 
previously given to eliminate Re») provides a formula for @ in 
terms of the seven remaining variables, (T/T), Mi, a, 6, 7, d 
and Re*. The resulting curves are plotted in Fig. 9, for typical 
values of the various parameters, for a system using hydrogen 
and plutonium gas. 

Note that the largest values of @ occur at the lower values 
of (—Re*), and that even these values correspond to values of 
~,, too small for criticality. The low values of @ are a direct 
result of the turbulence limitation relating Rew» to Re*(Eq. 16). 
The fact that the tangential Reynolds number must be small to 
prevent the turbulence from broadening the concentration pro- 
file of the heavy gas implies that the peripheral pressure must 
also be relatively low. This results in the vortex being unable 
to contain a sufficient concentration of fissionable material 
for criticality. With the inviscid approximation used here, 
@ increases continuously as — Re* decreases. If the deviation 
of the velocity profile from 1/r were included at low values of 
—Re*, » would decrease to zero at Re* = —1. The broaden- 
ing of the concentration profile is the most serious manifesta- 
tion of the turbulence in the vortex, for even if full recovery 
were achieved (i.e., a = 1) the restriction implied by Eq. 16 
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would still be present. This difficulty can be circumvented 
by placing some of the fuel in the solid phase in the moderator 
(i.e., making f > 0) and thus raising 2, according to Eq. 19. 
Of course, such a scheme cannot be carried too far since, as f 
increases, radiators are required to remove the excess energy 
generated in the solid, and the reduction in the reactor weight 
achieved by raising 2, may be offset by increased radiator 
weight. This problem is considered in detail in the section on 
overall performance. 
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Fig. 9 Concentration of fissionable material as a function of 
effective radial Reynolds number 
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Fission Fragment Absorption 


The combination of small vortex tubes and low pressures 
which results from the containment requirement raises the 
question whether the kinetic energy of the fission fragments 
generated in the gas will really be deposited there. If the 
range of the fission fragments is large compared to the tube 
diameter, then a large fraction of their energy will be deposited 
in the surrounding solid material. 

At standard density, the range of fission fragments in hy- 
drogen is about 9 cm (9), and it is inversely proportional to the 
electronic concentration of the scattering material. The 
ratio of the total electronic concentration in the vortex to that 
of the hydrogen is 1 + 0.39 w, so that if R is the fission jrag- 
ment range, and p; is the density of the hydrogen 
| 

R Ps 


R. + 0.39 w) 


Clearly the ratio of R to the tube diameter d is a measure 
of the fraction of the fission fragments which impinge on the 
tube walls. It can be written in terms of the tangential 
Reynolds number R¢o as 


af Ho Reto 


if the local value of R at the periphery is assumed to be the 
value everywhere within the vortex. Typical values of a\/;, 
(R.peV YATo/ uo), and Rew, as derived from the containment 
analysis, are about 0.3, 10° and 104, so that R/d will be of the 
order of 30. 

For such large values of R/d, it is readily possible to estimate 
the fraction of the fission energy which is deposited in the 
tube walls. It will be assumed first that the tubes may be re- 
placed by a plane-parallel configuration in which two concen- 
tration peaks of fissionable material are symmetrically dis- 
posed in the space between plane-parallel walls. Secondly, it 
will be assumed that the energy of the fission fragments decays 
linearly from the point of their origin, with a rate equal to the 
actual rate at the point of origin. The rate of decay, or the 
energy deposition rate, in fact decreases rapidly with the 
distance (9); however, since only a small fraction of the path 
will be within the tubes, the present approximation should be 
reasonable. From the data of (9); the initial rate of energy 
decay is d(E/E))/d(r/R) = -—2.5, where is the initial 
energy, and r is the distance from the point of fission. With 
the assumed linear decay, the plane parallel geometry, and 
the symmetry about a plane midway between the absorbing 
surfaces, it is clear that the actual symmetrical fission dis- 
tribution may be replaced by a concentration in the central 
plane. The attenuation distance then becomes one half the 
separation of the surfaces, which is to be taken here as the tube 
radius. Thus, if ¢ is the fraction of the energy of the fission 
fragments which is deposited in the walls 


= 1 — 1.25(d/R) [31] 


This formula is, of course, only valid for R/d > 1. 


Reactor Performance 


From the viewpoint of overall performance, the factors 
which are of importance are the total mass of the propulsion 
system, its thrust to weight ratio and its specific impulse. 

The total mass will consist largely of two parts, the mass 
of the reactor, and that of the radiators. Criticality require- 
ments determine the size, and therefore the mass of the reac- 
tor, as given in Fig. 8. 

On the other hand, the mass of the radiator depends on the 
amount of heat which must be rejected from the solid parts of 
the reactor; it is naturally desirable to minimize it. Let ¢£ 
denote the ratio of the radiated power to the power actually 
delivered to the gas, by fuel in the gas phase; a simple heat 
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where /, is the final specific impulse of the device, and J» is the 

specific impulse which it would have if the propellant were 

exhausted at the enthalpy level to which it is raised by heating 

in the solid parts of the reactor. Now, if Cr is the mass of the 

radiator per unit of radiated power, it follows that the radiator 
2 


mass ‘Wraa 18 
1] 
Io 
where F is the thrust. 


Since the mass flow rate per unit of vortex tube length is 
essentially invariant, the thrust depends only on the total 
length of tube in the reactor, and /J.. As the tubes are made 
smaller, the thrust increases. A lower limit to the tube size is 
set by the requirement that the mass flow leave the tube at 
one end, through a nozzle which is smaller in radius than 
0.8r., the corrected inner radius of the fissionable gas dis- 
tribution. This criterion was used in (1), but is difficult to 
apply in the present approximate analysis because of the dif- 
ficulty of computing the radial pressure drop precisely. In 
lieu of it, a value will be assumed for the length to diameter 
ratio of the vortex tubes. If the tubes are assumed to extend 
through the length of the reactor, this ratio becomes D/d. 
Now the total length of tube in the reactor is 6D*/d?, and the 
thrust is therefore 


F = [34] 
Taking the overall thrust to weight ratio as F/W = F/- 


F 
1 


balance then shows that 


[32] 


2 
Mara = Ce [33] 


W 


\2ruRedDIo (5) (7) Calo 7) I, 

lb thrust 
in lb mass 


where £ is given by Eq. 32. Taking the value of ¢ from Eq. 
31 and f from Eq. 19, € becomes 


ios, 


with in 

The parameter @d/R, which expresses the influence of both 
the criticality requirement and the fission fragment absorp- 
tion on the required heat rejection from the solids, is shown in 
Fig. 10. It has been computed from Eqs. 23 and 30 by maxi- 


(Te/Io)* 


mizing with respect to r., and taking T/Tm = Io/I.. The 
result is 

R R. I. 


2/Fexp — Re*)*] + 1 2/k} 
Bin [(8 + — 


+2 
B+1 


i B 
with 
a 
B = [—Re*(1 + b)]'” 


The curves were found to be rather insensitive to variation 
in 6; therefore this variation is not shown in Fig. 10. 
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Fig. 11 Vortex reactor performance 


The first term in the denominator of Eq. 35 is the weight-to- 
thrust ratio of the reactor itself. For D/d = 10, 6 = 0.6, Jo 
= 800sec, and 2ruRe = —0.01 lb/sec-ft, it is 4.9 for a 5000 kg 
reactor and 28 for a 100,000 kg reactor. The magnitude of the 
second term of course depends crucially on Cp; it will be as- 
sumed that the radiator mass per unit area is 10 kg m~*, and 
that the temperature is 1500 K. Cp then becomes 0.035 © 
kg/kw, and the factor g?CpIo/2 is 1.35. The overall thrust-to- 
weight ratio is given in Fig. 11 for 5000 and 10,000 kg reac- 
tors, as a function of J./Jo. The solid curves correspond to 
ad/R = 10~?, and D/d = 10, which, from Fig. 10, are charac- 
teristic of the values attainable with single turbulent vortices. 
The thrust to weight ratios are rather low, but even more im- 
portant are the extremely large total masses, which are in- 
dicated along the curves. 

If the relationship between the turbulence level and the 
tangential Reynolds number can be altered, the performance 

will improve markedly. This is indicated by the dashed 
curves, for which it has been assumed that the peripheral 
_ pressure in the vortex is 10 times that for the solid curves 
while the turbulence level remains the same. This results in 
an increase of @d/R to one, and D/d to 100. The thrust to 
weight ratio for the 100,000 kg reactor is quite high for this 
case, because the radiator weight is small; however, the total 
~ mass is still very large. 

‘The total mass can be reduced further by increasing the 
pressure even more, or by reducing the fission fragment ab- 
sorption in solids. Some possible methods for effecting such 

improvements are discussed in the next section. 
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Advanced Techniques for Improving Reactor _ 
Performance 


Although the numerical calculations of the preceding sec- 
tion are admittedly approximate, it is felt that the functional 
relationships derived in the paper are essentially correct. 
Most of these relationships are applicable to other vortex 
reactor systems in addition to the one described thus far, and 
so may be used to predict, in a qualitative way, what per- 
formance improvements may be expected from the various 
modifications of the basic vortex reactor concept. In this 
section several of these variations are discussed including the 
most promising of these, the vortex matrix. 


Rotating Wall System 


One system that has been proposed to reduce the turbu- 
lence in vortexes is the rotating porous wall. In this device, 
the jets are eliminated, and the vortex is driven by a rotating 
porous wall through which the propellant is introduced. Such 
a scheme could conceivably reduce the turbulence level since 
the boundary layer on the outer wall is effectively eliminated. 
Kendall (10) has reported measuring lower turbulence levels 
in a rotating wall system as compared to a jet driven system, 
although no detailed data have yet been published. 

If the rotating wall idea worked to perfection and generated 
truly laminar vortexes, the restrictions on the gas density 
and pressure would be removed, thus relieving the criticality 
and fission fragment absorption problems; however, the mass 
flow per unit of vortex tube length remains limited by the dif- 
fusion process, so that a large number of small tubes would 
still be required to produce significant thrust levels. Also, the 


wall velocity must be a substantial fraction of the sonic 


velocity in hydrogen at 2500 K. The combination of high 

speed, high temperature, and the large number of tubes seem 

to pose a rather severe mec chanical problem. 


A second scheme for generating strong vortexes employs a 
large amount of mass injection in the form of jets to drive the 
vortex, whereupon most of the injected mass is bled off axially 
at some radius and is recirculated. The bleed to injection 
ratio is adjusted so that the mass flow that passes through the 
remainder of the vortex satisfies the containment criterion. 
In effect, this system creates an artificial rotating wall at 
some radius less than the tube radius. It was actually em- 
ployed by Keyes and Dial (4) in the separation experiments 
performed at Oak Ridge National Laboratory. 

The problems associated with the recirculation and cooling 
of large amounts of hot hydrogen may preclude the practical 
application of this idea to a reactor. However, studies of 
this system should be continued. In particular, the in- 
fluence of the bleed off on the turbulence level in the inner 
portion of the vortex should be studied. 

Perhaps the most vs and most promising of the ad- 
vanced techniques involves the generation of a large number of 
stable vortexes in a single cavity (11). The so-called vortex 
matrix (see Fig. 12) consists of a large number of small injection 
tubes arranged in a square array and perforated so as to inject 
fluid into the cavity in the directions shown in Fig. 12. Exit 
holes are located in the end walls at the centers of the squares 
formed by the injection tubes. As can be seen in Fig. 12 the 
adjacent vortexes “Troll” on each other; the pattern can be 
extended indefinitely. As the number of vortex cells increases, 
the wall area per vortex decreases, thus reducing the net 
momentum loss per vortex. By elimination of physical 
boundaries between vortexes it is hoped that this system will 
improve jet recovery and reduce the overall turbulence level 
of the system. A pilot model of this device, having nine cells 


Vortex Matrix System 
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and using water as the working fluid, has be bie n built and suc- os 


cessfully tested at Space Technology Laboratories. More 
recently, a 25-cell matrix, using nitrogen, has been operated 
successfully at Aerospace Corporation. Much work remains 
in the actual determination of velocity profiles and turbulence 
levels. 

Further work on this novel idea seems called for. 


Concluding Remarks 


The applicability of a turbulent, jet driven vortex as a con- 
tainment device for the gaseous fission rocket has been 
studied. It has been concluded that containment. is possible 
but only at low pressures because of the broadening effects of 
turbulence on the concentration profile of the fissionable gas. 
This restriction re quires that some fissionable material be 
located in the solids in order for the reactor to be critical. In 
addition, a significant fraction of the energy generated in the 
gas is deposited in the solids, due to the relatively large 
fission fragment range. These effects require the use of radia- 
tors to reject heat from the solid parts of the reactor. Gen- 
erally, the radiator weight dominates the reactor weight and 
this fact is reflected in the rather low thrust-to-weight ratios 
attainable for the overall system. 

It has been pointed out that improvements on the basic 
vortex scheme must be aimed at altering the dependence of a 
the turbulence level on the pressure so that higher pressures 
and reduced turbulence levels can be maintained simul- 
taneously. Only in this way can substantial improvement in 
thrust to weight ratio be achieved. 


Nomenclature 

A = function defined in Eq. 11 
a = function defined in Eq. 14 
b = function defined in Eq. 17 
Cr = radiator coefficient 

= reactor diameter 


Dy. = binary diffusion coefficient 
= diameter of vortex tube 
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= thrust 


F 

f = fraction of fissions in the solid 
g = acceleration of gravity 
I 

k 

M 


= specific impulse 


= exponent defined in Eq. 15 


= Mach number 


= mass 
m = molecular weight 
n = concentration 

= pressure 


= mass flow 


= fission fragment range 
e = radial Reynolds number 
Re, = tangential Reynolds number 


p 
@ = universal gas constant 
R 
R 


r = radial coordinate 
Se = Schmidt number 1 4 
u radial velocity 

» = tangential velocity 

W = weight 
w = ratio of density of heavy gas to light gas 


a = function defined in Eq. 14 
y = ratio of specific heats of light gas 


6 = void fraction of reactor 

« = ratio of turbulent diffusivity to laminar diffusivity 

¢ = fraetion of energy generated in gas which is deposited in 
solids 

\ = ratio of jet injection radius to total radius of vortex tube 

y = kinematic viscosity 7 

t = ratio of radiated energy to that deposited in the gas 

= dimensionless criticality parameter defined in Eq. 21 

p = density 

yy = macroscopic fission cross section 

sy = microscopic fission cross section 

w = temperature exponent of diffusion coefficient 


Subscripts 
* = turbulent value 
’ = normalized with respect to value at position of maximum — 

w 
(~) = normalized by division by 7» 
a = evaluated at outer edge of parabolic w profile 
c = evaluated at inner edge of parabolic w profile 
e 


= maximum exit radius of vortex 
= injection conditions 
m = evaluated at position of maximum w 
0 = evaluated at outer radius of vortex 
s = standard conditions 
1, 2 = referring to light and heavy gas, respectively 
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HE POSSIBILITIES for magnetohydrodynamic (MHD) 

power generation have been studied at the Avco-Everett 
Research Laboratory for some time, and the nuclear cavity 
reactor has received the attention of a number of people 
within the AEC and elsewhere. 

The cavity reactor by itself does not make a good nuclear 
rocket nor does the MHD generator by itself make possible an 
ultra high performance electric power supply. In combina- 
tion, however, they might achieve both of these results. 

It appears that a cavity reactor (1,2,3)? might by itself 
make a very good rocket (4) except for the fact that it does 
not seem possible to have more than a very small fraction of 
the uranium undergo fission as it passes through the cavity. 
Hence, such a rocket would dump very large quantities of un- 
used uranium overboard in the exhaust. 

This objection would, of course, be dismissed if the uranium 
could be removed from the reactor’s exhaust and recycled. 
However, at temperatures of interest for propulsion, filtering 
of uranium directly from the hot exhaust of the reactor with 
reasonable collection efficiency and enthalpy loss is clearly a 
very difficult, if not impossible, job. This is especially true if 
all or part of the uranium is in vapor form. 

This report discusses an alternative way of using a cavity 
reactor. It is still in essence a filtering process since it removes 
the uranium from the exhaust but lets the propellant and the 
energy flow through. Although a relatively complex system, 
it might still be capable of a thrust many times its own — 


Outline of the System 


A block diagram of the system which is being cima’ is 


shown in Fig. 1. The reactor exhaust is first cooled by doing 
work in an expansion engine of some sort such as a turbine or 
MHD generator. With sufficient cooling, efficient uranium 
collection could become possible. In particular, any uranium 
vapor present could condense and heat transfer losses in the 
collecting device reduced to acceptable levels. This collector 
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Propulsion System Using a Cavity 
Reactor and 
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This report outlines a general propulsion scheme using these two devices. In spite of being ina 
; sense a “‘nuclear electric”’ system, accelerations well in excess of 1G seem possible. A specific system 
ine is described including estimates of its size, weight and performance. It appears that it might 
compete very wel) with other high thrust systems either chemical or nuclear for boosting vehicles 
from the ground into satellite orbit and beyond. 


might be modeled after the cyclone separators and scrubbers 
presently used in industry to remove dust or liquid droplets 
from gases and vapors. 

After the gas has been cleaned, it is fed into a heating, com- 
pressing or accelerating device which returns to it the energy 
that had previously been extracted. 

It is highly unlikely that such a multiple energy conversion 
process could be carried out to advantage using conventional 
machinery such as turbogenerators and compressors. ‘The 
temperatures of interest in this application are much too 
high for these devi ices and, in any case, their weight would be 
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Fig. 1 Open cycle propulsion system using an MHD generator 
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so great as to make the whole system quite unattractive, or 
suitable only for applications where low thrust-to-weight 
ratios are tolerable. 

However, MHD generators and accelerators (5) should be 
able to withstand high temperatures and may produce very 
large amoynts of power per pound of weight. These potential 
characteristics stem from the relative absence of solid ma- 
terial parts, either stationary or moving, in the basic energy 
conversion process. 


Generator Performance 


\ sketch of a simple type of MHD generator is shown in 
Fig. 2. It consists of a duct through which the gas flows, coils 
which produce a magnetic field across the duct and electrodes 
at the top and bottom of the duct. These electrodes serve 
much the same purpose as the brushes in a conventional 
generator. The gas, by virtue of its motion through the mag- 
netic field, has an emf generated in it which drives a current 
through it, the electrodes and the external load. As is the 
case in a turbine, this gas motion occurs because of a pressure 
gradient through the device. The total pressure drop then is 
a function of the amount of work which the gas does and the 
extent to which it does it in an isentropic or reversible manner. 

It is, of course, necessary that the gas be an electrical con- 
ductor, that is, be partially ionized. It appears that at the 
temperatures required for this application the gas will become 
sufficiently ionized if seeded with a one per cent mole fraction 
more or less of potassium. Calculated values of the resulting 
conductivity are shown in Fig. 3 

An experimental MHD generator was constructed and suc- 
cessfully operated at the Avco-Everett Research Laboratory 
nearly two years ago. This device, which is shown in Fig. 4, 
produced somewhat over 10 kw of electric power and behaved 
largely in accordance with theoretical expectations (6). 
MHD generators are now being actively considered by Avco 
and by others for large scale commercial power generation 
from either nuclear or fossil fuels (7). 

Fig. 5 shows estimates, of the specific power output’ of an 
MHD generator as a function of the electrical conductivity 
of the gaseous working fluid. Temperatures corresponding 
to the conductivity values are also shown which are more or 
less typical for a gas seeded with potassium vapor. Lines of 
constant rated power output are shown. These lines are based 
on a mean field strength of 10,000 gauss, a mean gas velocity 
of 1000 m per see, and a field coil excitation power equal to 1% 
of the rated power output. Fig. 6 shows the factors by which 
the specific output changes as these parameters are varied. 

For purposes of orientation, the overall system specific out- 
put required for 1G acceleration with an impulse of 1000 sec 


° Output per unit field coil mass is shown on the graph. How- 
ever, unless very high gas-pressures are — the field coil ‘should 
be the dominant weight. 
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and the output obtainable from a turbogenerator are marked 
on the ordinate scale. It can be seen that for sufficiently high 
gas conductivities, high powered MHD devices should be 
capable of specific outputs substantially in excess of both of 
these points. With this as a possibility, a multistep filtering 
and energy conversion process as described above becomes 
compatible with high thrust. 


System Characteristics 


In order to give some idea of what the size, weight, losses, 
etc. in a scheme like this might be, the rough outlines of a 
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Fig. 5 Characteristics of an MHD generator 
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Fig. 6 Variation of P)/M for changes in the parameters used 
in Fig. 5 


specific system will be sketched out. In an appendix some of 
the basic design considerations and ground rules for such a 
system are discussed. 

The characteristics of both cavity reactors and MHD gen- 
erators dictate that a high performance system be large, 
The smallest vehicle for which this scheme is appropriate 
would probably have an initial weight of several hundred 
tons. However, it is probable that any nuclear propelled 
vehicle that is manned and hence carries shielding will have 
to be of about this size anyway. 

A configuration of a system is sketched in Fig. 7. !t is 
physically quite large; however, much of it consists of thin 
walled structures containing gas at relatively low pressure and 
temperature. This unit is intended to produce about 300 
tons of thrust with a specific impulse somewhat greater than 
1000 sec. Hence, for example, it should be capable of putting 
about 100 tons into a close satellite orbit. With some incivase 
in complexity and weight, impulses approaching 2006 sec 
might be possible with a system of this type. 


Reactor 


It has been assumed that the reactor operates at a pressure 
of 100 atm and produces a temperature of 3800 K in a working 
fluid consisting of hydrogen plus 1% uranium and 1% potas- 
sium vapor. It is estimated that for criticality such a reactor 
needs to be about 2 m in diameter and surrounded by a 
blanket of D.O weighing about 7 tons. 


Generator 


A simple linear MHD generator configuration has been 
assumed as shown in Fig. 2. The gas expands through a 
pressure ratio of 100 in the generator (see Mollier diagram, 
Fig. 8) coming out at 2000 K and one atmosphere pressure. 
The values of electrical conductivity that this exhaust gas will 
have can be calculated with reasonable confidence and are 
shown in Fig. 3. It is then possible to work out the dimen- 
sions of the generator and the magnetic field strengths which 
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should be employed. From this, the weight, dimensions and 
power consumption of the coil to produce the field can be 
estimated. 

The duct of this generator has a square cross section and 
isSm long. It is designed for a gas flow of 1.4 X 10° moles 
per see and a power output of 14,000 megawatts. This 
power, although enormous compared to present rates of elec- 
tric power generation, is not so very much greater than the 
thrust power of present chemical rockets. There does not 
seem to be any fundamental engineering consideration that 
would prohibit an MHD generator, as described, from con- 
verting gas enthalpy to electric power on this or an even 
larger scale. 

If 300 K values for copper conductivity are used, the coil 
weight for this generator is estimated at 12 tons and its power 
consumption at 110 megawatts. However, there is more than 
enough cooling capacity in the liquid hydrogen as it comes 
from the propellant tanks to keep the coils below about 70 K 
and gain thereby a factor of at least 10 in copper conductivity. 
The coil might then weigh about 4 tons and consume about 40 
megawatts. 


Collectors 
At the 2000 K generator exit temperature, the vapor pres- 
sure of uranium is 10~¢ atm (or less if a refractory compound 
is used). Hence, any vapor should have condensed into drop- 
lets. In Fig. 7, eight cyclone collectors are shown operating 
in parallel, each collector being about 2 m in diameter, 6 m 
long, and weighing about half a ton. It is estimated that such 
a collector should remove essentially all particles whose 
diameter is greater than about 10 uw. If necessary it might 
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Fig. 8 Hydrogen Mollier diagram 


25 30 


be feasible to add an additional scrubbing process to get out 
smaller particles. 

As it leaves the collector the propellant should contain 
ideally no more than a 10° mole fraction or about 1074 by 
weight of uranium. Putting about 100 tons into a satellite 
orbit would then result in a loss of about 40 lb of uranium. 
This would seem to be well within permissible limits. 


Accelerators 

The propellant after leaving the collectors passes into the 
accelerator. Several types of accelerators might be used. 
However, a magnetohydrodynamic device would be preferable 
to asimple plasma jet, fundamentally because with the former, 
one should be able to obtain a more nearly isentropic ac- 
celeration process, losing less energy in dissociation of the 
hydrogen and maintaining a higher exit pressure. 

The device sketched in Fig. 7 is intended to accelerate the 
gas more or less isothermally up to a Mach number of 3 at 
about 2000 K.4 See (8,9). This is consistent with the amount 
of electric power that the gas produced in going through the 


- generator and results in a specific impulse of about 1000 sec. 


If the ambient pressure is low enough the gas may then be ex- 


- panded in a nozzle to a higher Mach number with a possible 


increase in specific impulse up to about 1200 sec. 

In the accelerator shown, the field coil weighs 2 tons, and 
requires 30 megawatts of electric power. This again assumes 
values of copper conductivity about one-tenth the 300 K 
value. 


4It is assumed that the gas still contains about 1% equivalent 


potassium vapor to give it the necessary conductivity. 
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Cooling considerable allowance for shielding must, of course, be in- 
‘ cluded. Perhaps 20 tons would suffice if the propellant tanks 
lhe cooling requirements for this system are met by using formed part of the shield. This leaves about 80 tons (60 tons 


the propellant as coolant before and as it enters the reactor. less shielding) for structure and payload. The power supply 
This cooling capacity seems to be adequate. Of the order of itself would constitute useful payload for some types of mis- 
108 cal/sec will be dissipated in the D.O due to moderation of sions. In particular, it could, after attaining an orbit, be con- 
neutrons. The field coils of the generator and accelerator dis- verted to a closed cycle system for powering an ultra high im- 
sipate a total of 70 megawatts. Wall heat transfer in the pulse accelerator, such as an ion rocket, on interplanetary 
generator is estimated to be a total of 450 megawatts, and in flights. Its specific power output would be considerably re- 
the accelerator, about 100 megawatts. It would be desirable duced by this conversion, largely because of the necessity for 
and might be possible to leave the cyclone collector walls un- a radiating heat sink. However, partly because hig! (al- 
cooled except by their own radiation and even to inhibit this though materials limited) sink temperatures could be used, 
radiation so that they approached the 2000 K gas temperature. the specific output should be much higher than attainable 
If, however, cooling were required, an additional heat loss of with more conventional generating equipment. 


about 400 megawatts might result. 
The total cooling requirement for coils and walls (excluding 


Conclusions 

the reactor and generator entrance walls where internal film 
cooling is probably necessary) is thus about 1500 megawatts A propulsion system like the one outlined above would 
or 3.4 X 108 cal per sec. Since the hydrogen flows at the rate make the placing of very large payloads into satellite orbit 
of 1.4 X 10° moles per sec, it will, in satisfying the cooling re- much easier than it is ever apt to be with chemical rockets. 
quirement, be heated from 20 K to about 400 K. “A? It would thus make extensive, manned ventures into s)ace 

eae much more feasible. However, quite apart from the merits or 
Summary Sorel deficiencies of this particular scheme is the example it pro- 


vides of the potentialities of its two major components. The 
gaseous cavity reactor and the MHD generator are both: de- 
vices in which temperature and power density are not funda- 
mentally limited by the properties of solid materials. In com- 
bination they seem to make possible the generation of electric 
power on a scale hitherto undreamed of. It is hard to doubt 
A 7 tons reactor that the realization of such a possibility would have great 
7 4 tons generator engineering significance. 


accelerator at Appendix 
A 17 tons’ total propulsion system 


General Design Considerations 


As stated earlier this system produces about 300 tons of 
thrust at a specific impulse of 1000 and should thus be able 
to put something like a 100-ton vehicle into a close satellite 
orbit. Of this 100 tons the propulsion system would constitute 
the following: 


In addition, if personnel as well as freight are carried, a ie 2 Me : 
There are a number of basic quantities and relations that 


tho at 0 govern the design and performance of the system described. 


temperature below about 70 deg Kelvin, the weight of the propul- Some of these are: ; ; ' 
sion system might grow to about 30 tons. _ ; a, 1 The vapor pressure of uranium (or of its compounds if 
=) 
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suitable ones exist) and its latent heat of vaporization. 

2 The electrical conductivity that can be obtained in 
gases as & function of temperature (the temperature at which 
uranium or suitable compounds have a low vapor pressure 
being of particular interest). 

3 The uranium density necessary for criticality in reactors 
of reasonable size and weight. 

4 The pressures and enthalpies permitted by structural 
and heat transfer considerations. 

5 The desired thrust density and/or operational ambient 
pressure or altitude limits. 

The specifie impulse which the system develops will be de- 
termined by the molecular weight of the propellant and the 
energy delivered by the generator for each mole of propellant- 
vapor mixture that passes through it. This energy is given by 


where C, is an effective heat capacity averaged over the tem- 
perature range (7; — 72). As in the case of a turbine, the 
gas expands approximately isentropically as it passes through 
an MHD generator. Hence 


T 


where gamma is the specific heat ratio and epsilon is a number 
less than one that defines the “efficiency” or entropy genera- 
tion in the device. (Approximately, « ~ load impedance 
+ generator plus load impedance.) Thus in terms of pressure 


A bottom temperature 7, must be chosen that will result in a 
sufficiently low vapor pressure for uranium and a sufficiently 
high electrical conductivity for the gas. P, must be high 
enough for reactor criticality and evidently should be higher 
if structures and heat transfer will allow. P. should evidently 
be as low as collection efficiency and thrust density require- 
ments will allow. 


Uranium Collection Efficiency and Gas Conductivity 
If a rocket has a specific impulse of about 1000 sec and its 
exhaust contains one atom of uranium per million of propellant 
(or about one part in ten thousand by weight), it will, in ac- 
celerating to the satellite velocity (26,000 ft/sec), lose about 
one pound of uranium per ton of final weight. This would 
seem to be a very acceptable loss rate and possible of at- 
tainment if separators for this application can be made to 
perform as well as those presently used in industry. If we 
desire operation at or near sea level, then the total gas pres- 
sure at the generator exit must be in the vicinity of one at- 
mosphere. Ref. (10) gives vapor pressure vs. temperature for 
uranium. It indicates that for purification of the vapor to one 
part in a million the temperature at the generator exit must 
be about 2000 K or less. If a refractory uranium compound 
is used higher temperatures might be permissible. However, 
enthalpy loss and structural problems in the collectors will in- 
crease with the temperature. Present indications are that an 
exit temperature much less than 2000 K is not possible since 
it appears that with any combination of gas and seed ma- 
terial the electrical conductivity will quickly drop to unusable 
values as one goes to lower temperatures. 


Starting Pressure—Reactor Criticality 


Estimates based on information (1,2,3) indicate that a —— 
Uses; particle concentration of 3 X 10" per cubic centimeter is sas 
just about the lowest concentration that resultsinareasonable = 
size and weight for the reactor. Since gas temperatures of 
the order of 10 times room temperature would be asked for, 
this density translates into a required uranium partial pres- 
sure in the reactor of the order of one atmosphere. 

In determining what fraction of the working fluid in the 
reactor is uranium, it must be kept in mind that uranium has 
a high latent heat of vaporization (110 keal/mole). If uranium 
in the vapor phase constitutes much more than about 1% of 
the working fluid it will, as it condenses, appreciably lower 
the specific heat ratio of the gas. This will make the energy 
extraction process more difficult as can be shown from Eq. 3. 

The above two considerations indicate that a total gas pres- 
sure of the order of one hundred atmosphere is desirable in the 
reactor. Even higher pressures are, of course, desirable from 
the point of view of getting the maximum specific impulse. 
However, with higher pressures one could expect heat transfer 
problems which would be considerably more severe than those 
in present day chemical rockets. 


Starting Pressure—Attainable Specific Impulse 


Fig. 9 shows the power per mole that may be generated as a 
function of pressure ratio for various values of gamma. It 
has been assumed that the temperature at the end of expan- 
sion is 2000 K and the efficiency factor “‘e’’ is equal to 0.8. 
Also shown is the specific impulse attainable as a function of | 
the energy generated and the propellant molecular weight. | 
The latter graph assumes 100% utilization of the generated | 
power. However, it does not include utilization of the — 
enthalpy which the gas still contains (15 keal/mole) at 2000 — 
K. Since it should be possible to convert at least some of 
this energy into directed motion the graph is probably a fairly 
reasonable estimate of attainable specific impulses. 

Impulses appreciably higher than shown here might be 
obtained if the 2000 K generator exit temperature could be 
increased. It might be possible, for example, to regeneratively 
cool the exit gases with the propellant as it comes from the 
tanks. The generator exit temperature could then be 2000 K 
plus whatever AT one could afford in the regenerator. For 
example, in the system outlined above, after cooling the field 
coils, duct walls, and the moderator of the reactor, the pro- 
pellant temperature was only about 400 K. It thus might 
have been used to regeneratively cool the exit gases through a 
AT of perhaps 1000 K making possible a generator exit tem- 
perature of 3000 K. This would result in about a 20% increase 
in specific impulse. 
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Some of the fundamental aspects of photochemistry are reviewed with reference to the direct 
use of solar radiation for the initiation of chemical reactions from which power can be gener::ted. 
Photoregenerative fuel cells and photogalvanic cells are defined, and they are discussed in terms of 
criteria of usefulness, calculations of theoretical efficiencies and limiting factors. The nitrosy] 
chloride system is used as an example to illustrate the theoretical calculations of efficiency and 
maximum power available from a solar regenerative fuelcell. The development of a fuel cell operat- 


N THE decade following World War II there gradually 

arose a widespread interest in the development of practi- 
cal systems for terrestrial solar energy conversion. Pro- 
vision of power for remote portions of Earth’s surface was 
recognized as a significant existing problem. Development 
of solar conversion devices to join nuclear power plants in 
replacing Earth’s dwindling supply of fossil fuels was con- 
sidered vitally important but more as a long term matter. 

With the launching of Sputnik I on October 4, 1957 effi- 
cient solar energy conversion became recognized as a matter 
of immediate importance in international political as well as 
scientific circles. The usefulness of artificial satellites ob- 
viously depends to a great extent upon the lifetime of the 
systems providing electrical power to the telemetering equip- 
ment. The solar radiation band is at present the only type 
of energy flux in space sufficiently intense to be a worthwhile 
source of natural energy of indefinite duration. 

Research on methods of efficiently converting the 1400 
w/m? of primary solar energy in space has a high priority 
in our space vehicle program. To date, only the photo- 
voltaic silicon junction cell has been successfully employed 
in satellites, performing very well indeed in Vanguard I and 
the Pioneer V. Such photovoltaic cells have at present a 
practical efficiency of about 10% of the solar energy. These 
“solar batteries” are expensive and subject to certain theo- 
retical and mechanical limitations. Thus, concurrently there 
is widespread research aimed at exploring other principles 
of energy conversion. These include thermionic devices, 
thermoelectric units, solar heat engines, photogalvanic solar 
cells and solar regenerative fuel cells. This paper deals with 
fundamental photochemical principles and processes relative 
to the latter two types of power generation for space ve- 
hicles. These are the farthest back in the development of 
devices, yet they are potentially of great value for both 
terrestrial and space applications. We shall discuss the 
photochemical theory of solar regenerative fuel cells, par- 
ticularly one employing nitrosyl chloride (NOCI), and shall 
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ing on nitric oxide and chlorine is reported. 
combination following the photodecomposition of nitrosyl chloride is also considered. 
of direct energy storage in photogalvanic batteries is discussed, and some areas of research for the 
development of photogalvanic cells are recommended. 2 


The competitive process of nitric oxide-chlorine re- 
The probiem 


consider some future areas of research in the photochemistry 
of photogalvanic systems. 

For a detailed consideration of the entire field of photo- 
chemical processes related to the utilization of solar energy 
the reader is referred to Calvert’s discussion on this subject, 
(1).4 A concise review has also been published by Rosenberg 
(2), and photogalvanic cells have been reviewed by Sancier 
(3). 

Solar regenerative fuel cells are recyclable systems in which 
the “working fluid” is irradiated by sunlight and _photo- 
dissociated into products which can be separated and stored. 
Later they are allowed to react in a suitable fuel cell to pro- 
duce electrical power and the original working fluid. The 
latter can be rephotolyzed to initiate another power cycle. 
The potential storage capability of this type of solar cell is 
one of its most attractive features. 

A photogalvanie cell can be defined as a system containing 
electrodes and electrolyte in which irradiation of the system 
causes a reversible chemical change that produces an elec- 
trical potential. The photolysis products do not need to be 
separated, as contrasted with a photoregenerative fuel cell. 
In current usage photogalvanic systems are distinguished 
from photovoltaic systems in that the latter do not contain 
an electrolyte and are solid state devices. (Photovoltaic cells 
are not considered in this paper.) The most widely studied 
type of photogalvanic cell contains two electrodes and an 
aqueous solution containing an organic dye and inorganic 
ions of a suitable redox couple. Illumination of the solution 
surrounding one electrode causes photoxidation reduction 
reactions which set up an E.M.F. between this electrode 
and the electrodes in the dark. 

In both types of systems, it is possible theoretically to re- 
cycle them indefinitely, the electrical power arising from the 
conversion of part of the solar energy into chemical energy. 
The prime prerequisite for a recyclable system is that the 
overall photochemical process be “endothermic,” i.e., that 
the chemical energy of the products be greater than that of 
the reactants. Such a restriction greatly limits the number 

of feasible photolysis systems. Suitable ‘uphill’ photo- 
chemical reactions are scarce. Some reactions for possible 


4 Numbers in parentheses indicate References at end of paper. 
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use in future large-scale terrestrial plants have been evalu- 
ated, but space applications present significantly different 
aspects.6 These include the following: 

1 The system should be operable under conditions of zero 
gravity. 

2 The cyclic system should be essentially 100% reversible, 
with no constituent being used up or requiring replacement. 

3 An “endothermic” photochemical process for re- 
eyelable fuel cell or photogalvanic battery does not have to 
be economically competitive with other energy sources, as is 
the case for the proposed large scale commercial conversion of 
solar energy. Thus, reactions which must be eliminated 
from consideration because they involve chemicals and ap- 
paratus too expensive for a large scale project may be en- 
tirely suitable for space applications. It is energy vs. pounds 
of weight that becomes of utmost importance. 

4 Absorption of most of the ultraviolet solar radiation 
below 3100 A by Earth’s atmosphere limits the effective re- 
gion for large scale commercial photochemical processes to 
the range from about 3100 to 8000 A. Such a restriction is 
absent in the case of a photolysis system for use in a satellite 
in orbit, and the probability of finding suitable photoreactions 
is increased since solar radiation in the region below 3100 A 
is available (although it is only a small fraction of the total 
radiant energy from the sun, see Table 1). 

Despite these differences, the published research on pos- 
sible terrestrial processes for conversion of solar energy to 
chemical energy is clearly a useful source of information on 
photoreactions of potential interest in regenerative fuel cells 
and »hotogalvanic cells for space applications. Calvert’s 
tables (1) of the theoretical efficiency of endothermic photo- 
chemical reactions is a particularly useful reference source. 


Theoretical Aspects of the Problem 


Certain fundamental considerations arise when dealing 
with the conversion of radiant energy to chemical energy in an 
endothermic photochemical reaction. These can be sum- 
marized as follows: 


= 
Absorption of Radiation 

In order for radiation to be effective in producing a chemical 
change, it must be absorbed either by the molecule to be dis- 
sociated, or by a “sensitizer” added to the solution which ab- 
sorbs the light at shorter (and sometimes longer) wave lengths 
and then transfers energy to the molecule to be decomposed. 
When a photon is absorbed, the energy of the absorbing 
molecule is increased by the amount hy or hc/d where v is the 
frequency in cm}, \ is the wave length in em, h is Planck’s 
constant (6.62 X 10~* erg sec) and c is the velocity of light 
(3 X 10! cm/sec). 

Photochemists find it more convenient to think in terms of 
an Avogadro of light quanta, ie., 6.02 X 10? photons. This 
is called an einstein of radiation and is written Nhy. A use- 
ful conversion factor giving the energy of mole of quanta is 


2.86 X 10° 11.35 
Nhv = (A) keal = Btu 


Since Einstein’s law of photochemistry states that simul- 
taneous absorption by a molecule of more than one photon 
of light is improbable, the value of Nhy for a given wave 
length represents the amount of radiant energy taken up by 
the absorbing molecules. 

Absorption of radiant energy does not necessarily lead to 
overall lasting chemical changes. Fluorescence, deactivation, 
back reactions of the products, ete. also may occur and these 
lower the photochemical efficiency of the process. 

Usually only light in the region 1500 to 8000 A is of photo- 
° A recent paper by Zwick and Zimmerman _(4) reviews space 
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Table 1 [After Friedman (5)| Per cent of incident 
energy below a given wave length 
Wave length 
A Per cent incident energy below wave length 
2,500 0.2 
3,000 i 
4,000 
5,000 24:0 
6,000 
7,000 49.0 
8,000 58.0 
9,000 65.0 
10,000 71-0" 
15,000 88.0 
20,000 94.0 


chemical interest. This corresponds to transitions between 
molecular electronic states. At wave lengths below 1500 A 
ionization often occurs. Beyond 8000 A the absorbed photons 
usually cause an increase in the vibrational and rotational 
energy of the molecule; the absorbed energy is too weak to 
break chemical bonds and the ultimate effect is simply to 
heat the system. About 58% of the solar radiation falls in 
the photochemically useful region below 8000 A, while the 
rest is not utilizable by known photochemical processes. 
Thus, the photochemist is concerned with the distribution of 
energy as a function of wave length. Table 1 shows the dis- 
tribution above Earth’s atmosphere. 

This energy distribution is approximately that of a black 
body at a temperature of about 6000 K, with the maximum 
spectral intensity at approximately 5000 A (6). The total 
radiant flux in space at the edge of Earth’s atmosphere is 
about 2.0 cal/em?/min, corresponding to 1.4 kw/m? or 1.5 
hp/yd?. (This flux, of course, varies with the distance from 
the sun, and has values of 2.6 and 0.6 kw/m? at Venus and 
Mars respectively). At the Earth’s surface, losses due to 
scattering, absorption, etc. reduce the average flux reaching 
the surface to about 1.0 kw/m? on clear days or approximately 
0.7 kw/m? for a long time average. 


Criteria for Useful Endothermic Photochemical Processes 


The requirements for potentially useful photochemical 
processes can be summarized as follows: 
1 Strong absorption of light by the reactant over a wide © 
range in order to absorb an appreciable fraction of the solar — 


energy. This is also necessary if the thickness of the absorp- 


tion cell is to be kept reasonably short. ; 
2 Weak absorption of light by the products. This is 
necessary or the “‘inner filter’ effect will occur and much of 
the incident radiation will be absorbed by the products and, 
in effect, wasted. 
3 There should be a high quantum yield ® for the photo- 
decomposition. 


No. of molecules of product he 
No. of quanta absorbed 
No. of molecules of product 


where J = incident intensity in quanta/sec; Qm = fraction 
of light absorbed. Generally an endothermic reaction has a 
maximum quantum yield of unity, except for special cases 
e.g., nitrosyl chloride has a maximum quantum yield of two 


for the formation of NO. 
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4 Concurrently with the quantum yield, the concept of the 
mechanism of a photochemical process must be considered. 
Most photochemical reactions occur in several steps called 
elementary processes. The absorption of light followed by 
the first chemical act is called the primary process. Einstein 
pointed out that the primary quantum yield of decomposition 
¢ could not exceed unity. However, if the products of the 
primary process are reactive, secondary reactions which are 
usually thermal in nature may occur, giving an overall quan- 
tum yield well in excess of unity. As an example, the broad 
aspects of the mechanism of the photolysis of gaseous mix- 
tures of hydrogen and chlorine are given below: 


Primary process 
Chain initiating. 
Cl, + hv > 


Secondary reactions 


= Chain propagating. 
-Cl + Hy > HCl + H- 
B+ 
Chain terminating. 
H- + Cl: +M—HCIl+M 
2Cl: +M—>Cl+M 


This is an example of a chain reaction of explosive character 
in which HCl] may exceed 105-10 molecules of 
HC] are formed per quantum of light absorbed by the chlorine 
molecule). The symbol M stands for a “third body” which 
must be present to siphon off the excess vibrational energy 
of the HCl formed in the fourth procedure and Cl, in the last. 
Such chain reactions are of great importance theoretically 
and commercially, but of necessity the overall processes must 
be exothermic. Hence, they cannot be used for recyclable 
solar conversion devices. On the other hand, the photolysis 
of nitrosyl chloride is an example of an endothermic process 
which has attractive features for use in a solar regenerative 
fuel cell. It absorbs strongly in the region from 6300 to 
3500 A, and as shown by Kistiakowsky it photodecomposes 
with an overall quantum yield of two for nitric oxide (NO) 
over the entire region (7). 
_ The overall process can be written as 


The detailed mechanism is more complex, but there is good 
evidence that it is a two step, free radical process (7,8,9,10). 


Primary process 


NOCI + hy > NO + Cl 


Secondary reaction 
Cl + NOC] — NO + Ch 


4 There should be a large increase in free energy AF for 
the overall reaction (the usual thermal exothermic reactions 
lead to a free energy decrease). The free energy is related 
to the E.M.F. of the chemical cell in which the photolysis 
products are combined by the equation 


AF = SV 


where n = no. of Faradays, V = E.M.F. of the cell and 
¥ = 96,540 coulombs. 

5 The reverse reaction of the products to form the 
reactants should be slow (or the products should be capable 
of being physically separated rapidly). Thus a critical factor 
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in the feasibility of NOCI as a fuel for a regenerative fuel cel] 
is the rapid rate of the back reaction 


2NO + Cl, > 2NOCI 


particularly in the pure liquid. If this back reaction occurs 
at a place other than at the electrodes of the fuel cell, the light 
energy is wasted and appears only as heat. 


Efficiency of an Endothermic Photochemical Proces~ 


Calvert (1) has defined a useful, if approximate, mexns of 
expressing the efficiency of an endothermic photocheinical 
reaction. The quantity Q is a measure of the per cent effi- 
ciency of conversion of light energy to chemical energy at a 
given wavelength. 


(100) (AF 296°) (Pa ) 
4 
where 

AF® = standard free energy for the overall reaction in 

terms of kcal/mole of product A ‘ 
a = quantum yield of product A 
Ey = wavelength of light in kcal/mole of quanta ' 


; Thus, in effect, Q represents the percentage of the radiant 

“4 energy absorbed at a given wavelength which is available as 
chemical free energy. For example, the efficiency of NOC! 
photodecomposition at its maximum wavelength of visible 
absorption (about 6500 A) can be calculated using a quantum 


yield of 2 and a AF of 4.9 kcal/mole as 4 
= 22.3 


(100) (4.9) (2) 
(2.86  10°/6500) 

However, at the ultraviolet edge of the solar spectrum (about 

3000 A), photolysis of nitrosyl chloride has a much lower 

efficiency because the quanta have far more energy than that 
required for dissociation: Qso04 = 10.3. 

The maximum electrical energy Wmax theoretically avail- 

able from a photochemical-electrochemical system is given 


by the following equation 7 


Wimax = 1.60 X 10-!9 w-sec/m? 


= 


where ® is the quantum yield of the product reaction, /q:t 


is the amount of light absorbed in quanta/m?, N is Avoga- 
dro’s number (6.023 < 10? molecules/mole), n is the number 


of equivalents per mole for the electrochemical reaction, 
¥ is Faraday’s number (96,540 coulombs/equivalent) and 
V° is the open circuit voltage of the cell. 
In the limit it is theoretically possible to utilize all of the 
W max as the output power for such solar energy conversion 
systems. However, in practice, it is impossible to deliver all 
of the electrical energy to an external load, so that a voltage 
of less than V® would actually be used, depending upon the 
cell characteristics and the voltage desired. Thus, it is also 
helpful to calculate the power theoretically available when the 
electrochemical cell is operated at its condition of maximum 
power output Prax (ce. (It should be noted that this is not 
necessarily the best operated condition for the system as a 
whole.) 
P max(eell) = 


Pmaxieen) = 1.60 K 


where, J is the intensity of the light absorbed in quanta /- 
sec m?and V°:,, is one-half the theoretical open circuit voltage. 
(For any cell the maximum theoretical power output occurs 
when the internal resistance equals the external load, which 
corresponds to an operating voltage drop across the load of 
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one-half the open circuit voltage.) Again using NOCI as 
an example, the maximum electrical energy and power 
hypothe tically available from the system may be calculated, 
using the following idealizing assumptions: 

1 All of the incident light between 6300 and 2150 A is 
absorbed by the NOCI, none by the NO orCh. . 

2 The quantum yield of NO formation is two over the en- 
tire range. 

3 No back reaction to reform NOCI occurs, except that 
which yields electrical power. 

4 The voltage developed by the NOC] fuel cell is 0.21 v. 
(This is the theoretical voltage, and voltages of this value 
have been obtained.)® 

Then since Jg = 1.41 X 10?! quanta/sec-m? for the 2150- 
6300 A region, while @ = 2, n = 1 and V® = 0.21 v, the 
maxiluum chemical energy of the NOCI system theoretically 
convertible into electrical energy is 


Wax = (1.60 X 10-”) (2) (1.41 X 102) (0.21) = 
95 w-sec/m? 


The theoretical efficiency of a photochemical-electrical system 
can then be defined i in terms of efficiency of maximum energy 


= Wmax/Ws > 


where W, is the total energy of the incident solar radiation. 
Thus, for nitrosyl chloride, the maximum theoretical effi- 
ciency Ey for utilizing the solar energy in the 2150-6300 A 
range (about 562 w/m?) is 16.9%. The rest of the energy 
appears mainly as heat. The maximum theoretical effi- 
ciency for NOCI drops to 6. 8% over the entire solar spectrum, 
about 1400 w/m?, the decrease being due to its lack of ab- 
sorption or lack of photodecomposition at wave lengths 
longer than about 6500 A. 

Sensitized photolysis can sometimes be used to increase the 
efficiency of a system by extending the wavelength range 
over which solar energy is absorbed. This is particularly 
important in such cases as the photodecomposition of water 
by the ultraviolet absorption of cerium and iron solutions 
(11). We suggest that it may be possible to apply photo- 
sensitization to increase the theoretical efficiency of the 
NOC! photolysis system. While the lack of absorption above 
6500 A is not a critical factor in this system, it should be 
noted that wavelengths up to 7518 A provide enough energy 
to break the Cl-NO bond (which has a bond strength of only 
38 kcal/mole). If sensitizers (such as nitrosyl metal chlo- 
rides) cause photolysis of NOCI to occur up to 7500 A, then 
the maximum theoretical efficiency would increase from 7 to 


10% of the solar energy. hata 
Factors Tending to Reduce the Efficiency o> sa. 


A number of factors can act to reduce drastically the prac- 
tical efficiency as contrasted with the Emax efficiency. These 
include the following: 

| The quantum yields taken from the literature are often 
measured under optimum laboratory conditions and usually 
represent maximum yields. (Often photolyses are carried to 
less than one per cent decomposition.) 

2 Interference by the photolysis products (dissociation, 
light absorption, etc.) sometimes wastes solar energy. 

3 Reverse reactions, which are exothermic, may be rapid. 
Thus “photostationary states” are reached where overall 
concentrations of products reactants remain unchanged. 
Comparatively little is known about these photochemical 
equilibria. 

4 An appreciable amount of energy may have to be used 


a rom research at Sundstrand Corp., Pacoima Laboratories 
Epported by WADD. Aeronautical Accessories Lab., Power 
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to operate the photolysis—fuel cell system, for gas pumping, 
product separation, etc. 

It is well to recognize the limitations in photochemical 
efficiency due to these and other causes, as well as the limita- 
tions inherent in the sun as a source. However, the possi- 
bilities of large-scale photogalvanic devices and of energy 
storable photoregenerative fuel cells are attractive, neverthe- 
less. Many of the practical difficulties will undoubtedly be 
solved as research in this field progresses. 


In a photoregenerative fuel cell system the vital endo- 
thermic photolysis step produces components at different 
oxidation states than originally present in the absorbing 
material. A critical factor is the separation and storage of 
these energy-rich components. Since their back reaction is 
exothermic, the rate of their separation has to be faster than 
their rate of spontaneous recombination, which gives only 
thermal energy. After separation, the exothermic recom- 
bination is brought about indirectly via oxidation and re-— 
duction reactions of the photolysis products at the electrodes. — 
The components are returned to the oxidation state of the 
starting material and electrical power is produced. The 
system thus requires suitable electrodes and electrolyte so 
that the electrode reactions, the reformation of the starting 


Photoregenerative Fuel Cells 


material from the products of the electrode reactions, and — 


the conductance of current are all efficient processes. There — 
also can be no competing irreversible reactions from either — 
the photolysis or the fuel cell steps, or else the cyclic nature | 
of the process is impaired. : 

The difficulty in finding a fuel cell process which is suitable 
for photoregeneration can be appreciated by examining the 
list of interesting fuel cell components in Table 2. Although 
reaction 26 has a V® of only 0.21 V, we consider it as the 
most promising for this purpose. There are a number of 
different reasons, many of which have been mentioned in our 
general discussion, why the other twenty-five reactions are 
considered less promising. Included are: 

1 The lack of absorption of solar energy by the fuel cell 
product, or greater absorption by the photolysis products 
than by the fuel cell product. 

2 Small quantum yields. 

3 Undesirable side reactions, or irreversible reactions. 

4 Lack of a convenient electrolyte. 

5 Disadvantage of a solid phase system. 

The best known fuel cell is the much studied hydrox-type 
in which hydrogen and oxygen are reacted at the electrodes, 
using a hydroxy] ion electrolyte, with the resultant formation 
of water (reaction 11). Good efficiencies and high current 
densities have been reported on experimental models. The 


stability of hydrogen-oxygen mixtures (under appropriate 


conditions) also add to the desirability of having a regenera- 
tive fuel cell based on the photodecomposition of water. 
Unfortunately, although the photosensitized decomposition 
of water with a ceric-cerous system and a ferric-ferrous system 
has been demonstrated to occur at 2537 A, the amount of 
photolysis from the solar spectrum is negligible (11). 

Recent research® has shown that nitrosyl chloride is a suit- 
able substance for study as a photoregenerative fuel cell. 
The regenerative photolysis step for NOCI vapor is : 


2NOCI + hv = 2NO + Cl 


For the power production step, the electrode reactions can 
be written in a simplified version as; 


NO— NO*++e- | 
NO+ + — NOCI 


NO + 3Cl, ~ NOCI + Electrical power 


or 


| 
7 
893 
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a Table 2 Maximum performance of various fuel cell reactants 25C 
—AF®, watt hr per 
Reaction ol volt keal lb total fuel 
Os) + He) O2@) + 2.07° 95.8 
+ + OH~(aq) > + 1.99 45.9 
H20272) + Ho) > 2H20 (2) 1.86 86.1 
HC10 2,49) + Hag) > HC10 cag) + HO.) .64 75.9 
HBrO(ag) + $H 29) > + (1.55 35.8 
BrO§ (aq) + Br-(ag) + 3H201 1.44 199.7 
+ $Clo(ag) > HCl (ag) 33.0 
+ 4029) > 1.29 59.5 
Hao) + 4029) > 1 .23 56.7 
HC10 + HC10 2,49) H20 1.21 56.0 
Ag(s) + > AgCl.) ‘LB 26.2 
+ 2029) > + 1.06 195.5 
N20 ig) + Havg) 2ZHNO a9) 1 .06 49. 1 
H2SOs(a9) + (aq) 1.05 48.8 
Agi) + AgBri.) 1.01 23.4 
Agia) + 30 29) AgClis) + 1.00 23:2 
+ — Fe? *(aq) + H tag) 0.77 
2Agis) + ZAI + I~ (ae) 0.68 31.7 
Hog) + (ag) 2H tag) + 0.53 24.7 
+ Clare) 0.38 17.5 
2Fe** (aq) + 31 (ag) 2Fe?* (ag) + (ae) 0.23 10.8 
NO@ + 0.21 4.86 
Subscripts: g = gas; 1 = aliquid; s = asolid; ag =an aqueous solution 


Metal chlorides such as aluminum chloride dissolve in NOCI 
to form the electrolyte (12), which in the unsolvated form 
may be represented as 


AIC], + NOCI = 
NOAIC 


Thus, the substance being photolyzed also forms tii ionizing 
solvent for the electrolyte, considerably simplifying this 
system. A fuel cell of this type has been developed, using 
AICl; in NOCI as an electrolyte and using NO and Cl, as 
the gaseous fuels. 

The relatively fast spontaneous back reaction of NO with 
Cl, is indicative of one of the major problems in the develop- 
ment of a photoregenerative fuel cell. This is illustrated in 
Fig. 1 which shows that while 10 min of sunlight caused about 
80% decomposition of a NOC] sample, the rate of the back 
reaction at this pressure is such that half of the photolysis 
products recombined after about 15 min in the dark. The 
data in Fig. 1 are replotted in Fig. 2 to show that the rate of 
the back reaction is given by the third-order rate equation 


Photogalvanic cells generally arise from an electron transfer 
spectrum of the light absorbing species, causing photoxida- 
tion-reduction as an electrolyte near an electrode (or of an 
electrode in an electrolyte) is illuminated. The electrical 
potential includes such effects as the concentration ratio of 
oxidized and reduced forms, and the relative rates of reaction 
of these species at the electrodes. Although it would be 
desirable to classify photogalvanic cells by the mechanisms 
of their photochemical and electrode processes, most of these 
processes are not yet well enough understood to make this 
possible. In reviews of the subject, classification has been 
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NOAIC | 


= NOt + 


made partly on the basis of the physical relationships of the 
electrode and the absorbing species. Four types have been 
described (3). 


Type 1 Metal electrodes immersed in solutions of 
electrolytes. 

Type 2 Metal electrodes coated with inorganic com- 
pounds and immersed in solutions of elec- 
trolytes. 

Type 3 Metal electrolytes coated with a dye and im- 
mersed in solutions of electrolytes. 

Type 4 Metal electrodes immersed in organic liquids. 


While the great advantage of photogalvanic cells lies in the 
possibility of economical, direct conversion of light into 
electrical power, there are many problems that must be 
studied regarding the fundamentals of these processes before 
photogalvanic systems can best be utilized. The maximum 
benefit from research studies can be expected to come from 
intensive studies on a particular system in which as much 
information as possible can be correlated to reach an under- 
standing of the variables in the system. The effect of vari- 
ables such as concentration, light intensity, temperature, 
pH, etc., on the following aspects of photogalvanic cells (and 
photoregenerative fuel cells) are those that we consider to 
be the most important. 

1 The mechanism of the photochemical primary process 
and its quantum efficiency. 

2 The rate of the spontaneous back reactions that com- 
pete with the electrode reactions, and means of inhibiting 
them. 

3 The mechanisms of the electrode reactions. 
and cause of electrode polarization. 

4 The design of illumination geometry and electrode posi- 
tions with regard to these mechanisms and to the diffusion 
of species to and from the electrodes. 

5 The use of sensitizers to extend the range of efficient 
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AFTER BRIEF EXPOSURE 
TO MERCURY LAMP—. 
~4 110% mm pressure of 
(ABSORBANCE NOC! IN 1Ocm CELL 
AT 4750 A) a 
* 
2 \N— AFTER 10 MINUTE EXPOSURE TO SUNLIGHT 
° 20 wo «0 sO 60 
A TIME (minutes) 
Fig. 1 Back reaction from NOCI photolysis, 2NO,,) + Clo) = 
2NOCI,).. (The absorbance of the sample before exposure and 


A 


after a long period in the dark = = 1.186) 


Many systems have been reported (or might be expected) 
to hive photogalvanic properties, but detailed studies have 
been reported on only a few of these. The best known of 
these is the thionine-iron system, studied originally by 
Rabinowitch (13). The blue dye thionine absorbs light, is 
bleached as ferrous ions are oxidized to ferric ions, and pro- 
duces a potential of about 0.25 v.. The overall reaction can 
be represented as 


Thionine + 2Fe+? + hy = Leucothionine~? + 2Fet? 


Rabinowitch has indicated (14) that the thionine-iron system 
has produced voltages up to 0.5 v, and has converted about 
1% of the absorbed light into electrical energy without 
optimization of conditions. The much poorer results re- 
ported in recent work by Potter and Thaller (15) may be in 
conflict with those of Rabinowitch. However, some of the 
conditions used in their studies such as the use of chloride as 
the anion instead of sulfate might be expected to give lower 
efficiencies. 

Some interesting work has been done on electrodes coated 
with inorganic compounds, such as the copper oxide system 


(3) 
Cu/CuO, Cu,0 in NaOH graphite 
and the silver halide system (16) ; : 
(Pt)Ag, AgCl/aqueous FeCl, FeCl;(Pt) 


With the use of an anion-impermeable membrane, and phos- 
phate complexing of ferric ions, the latter has been con- 
sidered as a photogalvanic battery for the direct storage of 
solar energy. However, it should be noted that if a voltage 
of 50 mv is assumed, then with the largest useable thickness 
reported for AgCl (20 uw) can store a maximum theoretical 
power of only about 1 X 1074 w-hr/cm? after even 100% 
conversion to Ag. This is about 1000 times less than that 
actually delivered by lead storage batteries (17). 

The direct storage of electrochemical energy in the photo- 
galvanic cell itself means that it must act essentially as a 
battery to be able to deliver current in the dark. There 
seems no a priori reason to believe that a photogalvanic 
battery would have characteristics superior to electrically re- 
generated storage batteries. On the contrary, the photo- 
galvanic batteries which have been proposed have the same 
typc of phase, temperature and stability disadvantages as 
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2 + Cla,) = 2 NOCI 
> 


- energy wili require photogalvanic batteries at least 4 to 40 


Hg-Lomp Ex 
2 
o 10 20 30 40 50 60 
ATIME (MINUTES) 
Fig. 2. Third order plot of photolysis back reaction at 17 C, 


other storage batteries and suffer from other limitations as_ 
well. Firstly, the thermal back reaction of the photolysis — 
products usually competes with the desired electrode reaction. | 
Storage requires inhibition of this back reaction. (In the | 
ordinary storage battery the reactive components are at 
least separated at the electrodes in the charging process.) 
Secondly, optimum operation of photogalvanie cells generally 
involves the use of a small amount of photoactive substance 
with a high coefficient of light absorption. The amount of 
this photoactive substance per volume or per electrode area 
is quite small, and thus yields very little direct storage of 
electrochemical energy. Thirdly, the photopotentials of 
nearly all photogalvanic cells are in the 0.05 to 0.5 v range, 
which alone means that direct storage of the electrochemical 


times as large as the 2 v per cell storage batteries. 
In general, the direct storage of electrochemical energy is 

more promising in photoregenerative fuel cells rather than 

in photogalvanic batteries. The best utilization of photo- 

galvanic cells appears to be in either the immediate use of 


the electrical energy or else its storage in conventional storage 4 
batteries. (Another means of storage is the regeneration of 
fuel cell reactants by electrolysis.) 


Conclusions 


In theory, photochemical processes represent possible 
means of converting solar energy to useful power, both on 
the Earth’s surface and in space vehicles. However, devices 
such as solar regenerative fuel cells and photogalvanic cells 
are still in the early developmental stages. Significant ad- 
vances have been made recently, but considerable research 
and development on the fundamental and applied photo- 


895 


‘ 
t 
| | 
14 A 7 
| 
| 
a4 
12 7 
= ' 
. 
= 
4: 
a 
4 
oh 


chemistry of chemical systems must be expended if the true 


potential of these important devices is to be realized. Both 
types of these photochemical systems should be adaptable 
to large scale power conversion units using simple solar 
concentrators. The photoregenerative fuel cell type of de- 
vice is of most interest for the direct storage of electro- 
chemical energy. 
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The effects of geometry and internal surface reflectivity on the performance of a cavity-type 
absorber used in solar power systems are discussed. By defining an average “‘view factor” of the 
cavity opening as seen by the cavity interior surface, it is possible to evaluate quantitatively the per- 
formance of a cavity operating at elevated temperatures. Only minor performance variations be- 
tween the several cavity shapes considered existed, and it was found possible to approximate closely 
the ideal blackbody cavity absorber efficiency with real cavities of reasonable size. The analysis 
demonstrates that high performance cavities are attainable with internal surface reflectances on the 
order of 0.6 to 0.7. For these values, differences in heat absorption rate throughout the cavity may 
be minimized with the consequent reduction of the problem of internal “thot spots.” 


N IMPORTANT class of space power systems which will 

be utilized for the next several years in the lower power 
ranges (less than 15-25 kw) will be the solar-thermal con- 
verter. The list of problem areas associated with the various 
solar-thermal converters that might be envisioned is long, but 
there are certain areas which are of common interest to all 
converters due to the nature of the energy source. These 


common areas are the concentrator selection, accuracy, 1¢- 
flective surface characteristics, and orientation; also the 
absorber selection and design. This paper will discuss the 
absorber selection and design, and the effect upon 
absorber performance of the various shape factors, 
relative absorber size, temperature and spectral emissivity 
characteristics. 


Presented at the ARS Semi-Annual Meeting, Los Angeles, Selection of Absorber Type a 
Calif., May 9-12, 1960. 

LA iate Manager, Advanced Power Systems Div. The three most promising absorber configurations are the 
Member ARS. cavity, the hemisphere and the flat plate. As will be shown 


later, a cavity-type absorber (shown schematically in Fig. |) 
can be made to closely approach the radiation characteristics 
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of a black body, with an effective emissivity over all wave- 
lengths approaching 1 at the cavity entrance. The hemisphere 
and flat plate appear promising as solar absorber configura- 
tions when the use of a spectrally selective surface is con- 
sidered. This spectrally selective surface would be one that 
would have a high absorptance to solar wavelengths and a low 
absorptance to longer wavelengths, corresponding to reradia- 
tion at the absorber temperature. Fig. 2 shows a comparison 
between the cavity, hemisphere and flat plate. In this figure, 
a perfect cavity is compared with a hemisphere and flat 
plate having extremely optimistic spectrally selective charac- 
teristics. Surfaces with these spectral characteristics do not, 
to the authors’ knowledge, exist at present, although, with the 
expaiied activities in the field of spectral selectivity, it is not 
unre: sonable to assume that such surfaces might be developed 
within the next three years. It should be noted in Fig. 2 
that there is an intrinsic loss with the hemisphere and the 
flat plate which is equal to the reflectance of the absorber sur- 
face to wavelengths characteristic of solar radiation. The 
compensating factor, however, is the lower value of energy 
reradiated, as is obvious from the lesser slope of the hemisphere 
and flat plate absorber loss curves as compared with the 
cavity. At higher temperatures, the crossover point will occur 
at smaller ratios of the cavity diameter to the sun’s image 
diameter. (The magnitude of this ratio required to en- 
com) ass the 80% of the total flux incident on the mirror is a 
function of the concentrator surface and orientation ac- 
curacies.) See (5). For a power system requiring tempera- 
tures usually associated with thermionic power supplies (on 
the order of 2200 F) with mirrors of reasonable surface and 
orientation accuracy, it appears that a spectrally selective 
flat plate or hemispherical absorber with the spectral charac- 
teristics delineated in Fig. 2 would display lower energy 
losses. 

An important advantage which occurs from the use of the 
cavity absorber is the considerable design freedom allowed 
from the standpoint of heat transfer area for removing energy 
from the absorber. There are no intrinsic limitations on cavity 
size so long as it satisfies the requirement of sufficient re- 
flections to absorb all but a small fraction of the incident solar 
radiation, as will be discussed later. By lengthening, widening 
or otherwise altering the internal geometry of the cavity, it is 
possible, therefore, to utilize the configuration most optimum 
from the standpoint of the design requirements. With the 
hemisphere and flat plate, this freedom does not exist and heat 
transfer coefficients on the order of 2000 w/in.? will be neces- 
sary to remove the heat from the small areas available. 


The Cavity Absorber and 


Its Practical Approximations 


In nature, an exactly black surface does not exist. For a 
number of years, scientific experiments requiring essentially 
“black” radiation have approached the problem in the follow- 
ing manner. A hollow space is used in which there is a small 
opening (a hohlraum) with the walls of the space kept at 
uniform temperature. Radiation which streams through the 
opening into the hollow space (see Fig. 1) is reflected re- 
peatedly before it leaves again through the opening. De- 
pending upon the surface absorptivity, after a number of re- 
flections the percentage of radiation absorbed will closely ap- 
proach 100%. This means that the opening of the hollow 
space acts like a black surface, since all wavelengths are totally 
absorbed. Accordingly, all wavelengths must also be totally 
emitted according to Kirchhoff’s Law. 

For an ideal cavity, the view factor @ from the cavity in- 
terior to the opening, is equal to zero, which means that no 
radiation entering the cavity is reflected back out of the 
cavity. It would be impossible to determine the location of 
any radiation emitted by the cavity regarding the internal 
portion of the cavity from which it emanated. Due to the 
existence of the hohlraum, the performance of the cavity is 
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7 Fig. 1 Cavity absorber schematic 
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F ABSORBER DIAMETER TO SUNS IMAGE DIAMETER 
Fig. 2 Per cent loss vs. absorber size for various absorbers. 
Assumes that 80% of flux incident on mirror will fall on the 
s absorber, independent of absorber diameter 4% 


totally unaffected by the internal emissivity, as long as it does 
not equal zero. ( 
In designing a real cavity, the view factor 0, the internal sur- 
face emissivity, and the cavity geometrical configuration | 
must be considered in providing a cavity absorber design 
which absorbs the maximum net amount of the energy inci- 
dent upon it with a reasonable total weight. The cavity 
should also provide a reasonably even distribution of energy 
over its internal surface to minimize local hot spots and to’ 
improve the general heat exchange characteristics between the | 
cavity and the thermal converter working media. 
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. 3 Cavity heat absorption vs. surface emissivity 


Cavity Design Criteria 


For the purposes of this study, the following assumptions 
will be made: 

1 The internal cavity surface temperature is maintained 
at a constant value. Since most of the solar-thermal power 
systems envisioned to date utilize some type of isothermal 
phase-change thermal storage, the assumption of essentially 
constant cavity temperature appears quite reasonable. 

2 The amount of flux entering the cavity, per unit area 
of cavity opening Apo is constant. This factor is fixed by the 
concentrator selection, accuracy, reflection surface charac- 
teristics, and orientation; these should not be affected by the 
absorber in any manner. 

3 An average view factor 6 may be defined such that it 
represents the average fraction of light which is either re- 
flected or emitted from the surface of the cavity interior and 
which passes directly out of the cavity through the cavity 
opening. All radiation reflected by a surface is assumed to be 
hemispherically diffuse with an intensity varying as the cosine 
of the angle with the surface normal. 

When solar energy enters the cavity entrance, as shown in 
Fig. 1, a certain fraction of the light reflected on each succes- 
sive reflection will pass directly through the cavity opening. 
The total amount of energy absorbed on the cavity interior 
surface may be analyzed as follows: 

At the first reflection Qie is absorbed and wipe — ei is re- 
flected. Of the reflected light ‘wie 


— 
passes through the opening and 
Qi(1 — «)(1 — 8) 
is reflected again. Of this light 


is relatively insensitive to changes in emissivity above values 


by reradiation from the cavity interior surface may be 
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Fig. 4 Cavity heat loss vs. surface sina) 


is absorbed aad 


is reflected. Following the same reasoning the light absorbed 
on the nth reflection after the first is 


The total heat absorbed is 


or = 

or = 

li 


The fraction of possible heat absorbed F, is 


€ 


1 — (1 — &)(1 — 6) 


F, = 


This fraction is plotted in Fig. 3. 
It should be noted in Fig. 3 that for values of @ less than 


emissivity between 0.3 and 1.0. In this range, therefore, the 
amount of energy lost by reflection out of the cavity entrance 


of 0.3. 
The total amount of energy lost through the cavity opening 
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QveO passes directly through the opening and Qre(1 — 4) 
strikes the cavity surface. Of this 


Qre(1 — 
is absorbed and 
— 
is reflected. Of the reflected light 


9 


again strikes the cavity surface. Following this same reason- 
ing the heat leaving the cavity after the nth reflection is 


Qre(1 — — 


The total heat leaving the cavity is 


or 


+ (1 — 6)"(1 — 
n=1 
| 


Qre8 + | Qie(1 — — 


n=1 


The fraction of possible heat lost F, is 
F,= 6] 
Jat 

This fraction is plotted in Fig. 4. It is interesting to note 
in Fig. 4 that for values of 6 less than 0.06 that the fraction of 
possible heat loss F, is quite insensitive to variations in emis- 
sivity between 0.3 and 1.0. The emissivities delineated in 
Fig. 3 are averaged through the solar wavelengths, approxi- 
mately 0.3 to 2 u. The emissivities of Fig. 4 are those cor- 
responding to the reradiation spectrum of a black body at 
temperature of the cavity (between 2 and 10 yu). 

The general expression for 6 can be derived for a variety of 
shapes in terms of their geometrical characteristics as well as 
the ratio of cavity entrance area A, and the cavity interior 
surface area A,. Assuming that the density of radiation 
leaving any portion of the surface of the cavity interior is 
proportional to the cosine of the angle with the surface normal 
(totally diffuse or hemispherical emission or reflection), 4 is 
given by the following expression 

= 


1 Sv 008 yd A, = 
Als 


where the integral is taken over the cavity interior. Utilizing 
this expression, the cavity shapes shown in Fig. 5 were 
evaluated in terms of their geometrical parameters and 
A,/A.. These shapes are symmetrical about the axis of the 
cavity entrance. 

It was not possible to obtain the integral of Eq. 1 ana- 
lytically for the various shapes considered. Numerical in- 
tegration, however, vielded the curves of 6 vs. A,/A, shown in 
Fig. 6. Since, in order to minimize both losses by direct re- 
flection as well as reradiation, it is desirable to minimize 6, 
the sphere appears to be a most desirable cavity shape for 
values of A,/A, greater than approximately 0.025. It is in- 
teresting to note, however, that, except for the hemisphere, 
there appears to be no considerable variation in the value of 6 
between the shapes considered. 

By combining the results shown in Figs. 3, 4 and 6, it is 
now possible to ascertain the performance characteristics of 


the various cavity shapes as follows: 
om 


The amount of heat absorbed is given by 


Q. = F.CQA. 
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Fig. 5 Typical cavity shapes 


The amount of heat lost by reradiation is 
Q, = F,oT*A, [3] 
The efficiency or fraction of possible heat absorbed is 
F.CQA.— F,oT*A. 


a CQA. [4] 


By selecting a value of internal emissivity, F, and F, may be 
obtained from Figs. 3 and 4, respectively. C may be de- 
termined from the characteristics of the solar concentration 
system, and curves of 7 vs. A./A. may be calculated for 
various values of temperature. 

Fig. 7 shows the results of these calculations for the spheri- 
cal absorber with a concentration ratio of 1250, which is a 
typical value for a paraboloid mirror. The value of emissivity 
utilized for all wavelengths was 0.3. It should be noted that 
the values shown in these curves would be little changed for 
values of @ less than approximately 0.02 and for emissivities 
greater than 0.3 because of the very slight variation of F. and 
F, with emissivity in this range of 0, as mentioned previously. 
The efficiency values shown for A,/A. = 0 correspond to 
those obtainable with a true blackbody cavity. For this case, 
the cavity efficiency expression reduces to the following 
simplified form 


n= 1 oT/CQ [6] 
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Fig. 7 Efficiency of spherical cavity at various temperatures 


It would be generally difficult, if not impossible, to achieve 
exactly uniform illumination of the cavity by the concentrated 
solar radiation passing through the cavity entrance. It js 
generally desirable, however, that the energy absorption of 
any given elemental area of the cavity interior surface be as 
nearly constant as possible to prevent the formation of hot 
spots and to allow the utilization of an approximately constant 
thickness layer of surrounding thermal storage material. 
The interior emissivity is the governing factor in the dis- 
tribution of energy absorption. Its effects may be stu:ied 
by the use of a simple model. A cavity consisting of two 
identical sections will be considered. The two sections recive 
light of different intensity, but they reflect light identic:lly, 
The net distribution can be analyzed as follows: 

Considering section 1, at the first reflection Q is absor'yed 
and Q;(1 — €) is reflected. Of the reflected light 


Qi(1 — 
passes through the opening and 7 
Q(1 — 

Of this light 
is absorbed by section 2 and 
Q:(1 — — — &) 


Following this reasoning the light absorbed by 


1 — 0) 


strikes section 2. 


is reflected. 
surface 1 is 


Qie + — €)(1 — Oe + Qi(l — €)*(1 — + 
and by surface 2 is 


Qe + O11 — — Oe + — — + 
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Fig. 8 Cavity heat distribution vs. surface emissivity 
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those shown here. The effect on efficiency of these factors for 
concentration ratios less than 1250 will, however, be amplified. 


These can be reduced to 


1 (1 — e)(1 — 
1— (1 — — 1 — (1 — — 6)? 
for surface 1, and 
A, = area of cavity interior surface 
1 (1 — (1 — 8) Ag = area of cavity opening 
6)2 Qe — (1 — — 6)? C= concentration ratio of energy entering cavity 
F, = fraction of energy entering cavity that is eis 
for surface 2. The difference in heat absorbed by the surfaces 
is 
9 1 (1 — e)(1 @) 1 
— — 6)? 1 — (1 — — 6)? ~ (l1—.6)*(1 — 6)? 1—(1— — 6)? 


1 


etl — 6) 
— (1 — —)*(1 — 6)? 


- (Q1 — Qe 


Since Q: — Q2 is the maximum possible difference in heat 
absorption, the fraction of possible difference in heat absorp- 
tion Is 


This fraction is plotted in Fig. 8. It can be seen that it is 
desirable to have a low @ and a low surface emissivity (at 
solar wavelengths) to minimize the difference in heat absorp- 
tion in the cavity. This is fortunately consistent with the re- 
quirement of a minimum 6 to maximize the cavity efficiency. 


e/[1 + (1 — — 


Conclusions 


For values of A,/A, on the order 0.03 or less, it is possible to 
closely approximate the blackbody cavity absorber efficiency. 
This efficiency is affected only slightly by variations in 
emissivity from 0.3 to 1.0 over all wavelengths. 

The spherical absorber appears to be slightly more efficient 
than the other shapes considered for A,/A. > 0.02. For values 
of A,/A, on the order of 0.02 or less, little efficiency variations 
between shapes occur. 

By utilizing a surface emissivity of 0.3-0.4 it is possible to 
minimize differences in heat absorption rates throughout the 
cavity. Since emissivities do not appear to seriously affect the 
cavity performance for A,/A, less than 0.03, the use of emis- 
sivities of this order are felt justified when it appears that 
thermal hot spots will be a problem. 

For concentration ratios greater than that utilized in the 
study (1250) the effects on efficiency of lower emissivity, 
greater values of @ and larger values of A,/A, will be less than 
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= Sem = 


F, = fraction of total energy emitted by cavity surface that 
passes out through the opening 


asses ming 
( = solar constant in space, 430 Btu/ft? hr 
Qa = total energy absorbed by cavity oe 


Qn, = energy emitted by a black body at tempe rature of cavity 
interior 
Q: = total energy entering cavity, QCA. 
R = cavity opening radius - 
7 = cavity temperature, R 
a = ratio of cavity height to opening radius (see Fig. 5) 
8 = ratio of cavity length to opening radius (see Fig. 5) 
y = solid angle subtended by cavity opening when viewed by 
element of cavity interior surface 
€ = emissivity of cavity interior 
= Stefan-Boltzmann Constant, 0.174 1078 Btu/hr ft? R4 
@ = average view factor of cavity opening by cavity interior 
surface 
yY = angle between line connecting elemental cavity surface 
with cavity opening and the surfac e e normal 
n = cavity efficiency . 
i 
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Aerodynamic investigations were conducted on the flow over a flat plate with a sharp leading edge 
in a hypersonic shock tunnel. The flow Mach number ranged from 7.95 to 25.1 with stagnation 
temperatures of approximately 2300 and 7000 R. For these flow conditions, the static pressure in 
the test section varied from 3.2 » to 0.95 mm of mercury and the Knudsen number, based on the ratio 
of the free stream mean free path and the leading edge thickness, varied from approximately 0.4 

_ Schlieren photographs taken at these conditions indicated the presence of slip flow at the sharp 

leading edge, in that the formation of the strong shock wave and the boundary layer was delayed. 

The induced pressures measured on the surface of the plate indicated the existence of slip flow in 

oes the vicinity of the leading edge. The slip flow region increased with the free stream flow Mach and 
ba. Knudsen numbers. 

ye In the strong shock wave-boundary layer interaction region near the leading edge, the viscous 

_ region extended from the plate surface to the shock wave, and there was no apparent inviscid region 
_ between the shock wave and the boundary layer. The induced pressure on the surface of the flat 
plate varied inversely as the square root of the distance from the leading edge for all cases except 


" at the highest Mach number of 25.1. 
_ the surface near the leading edge was 


The strong interaction parameter x 


and Nagamatsu. 


HE GROWING interest in glide-type hypersonic 

vehicles, terminally guided re-entry bodies, and space 
vehicles, has indicated that a need exists for fundamental 
knowledge regarding the aerodynamic characteristics of lifting 
surfaces in rarefied flow. This is especially true at the high 
flight Mach numbers and stagnation temperatures encoun- 
tered during re-entry at high altitudes. For these hyper- 
sonic vehicles the flight Mach number ranges from about 
15 to 35. With manned hypersonic vehicles, the deceleration 
and the control problem during re-entry becomes important; 
thus a glide-type vehicle appears most promising. 

In hypersonic flow over a flat plate with a sharp leading 
edge, a shock wave and viscous boundary layer form at the 
leading edge. Due to the interaction of the leading edge 
shock wave and the viscous layer, the pressure over the plate 
surface is increased. At high flow Mach numbers, the in- 
duced pressure caused by this interaction can be many times 
greater than the free stream pressure. This increase in the 
surface pressure increases the skin friction as well as the heat 
transfer. 

Recent experimental results (1-4) for a flat plate with 
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At this Mach number, the maximum induced pressure on 


28 times the free stream static pressure. For a reflected 


stagnation temperature of 7000 R with real gas effects, the leading edge slip phenomenon and the 
_ shock wave-boundary layer interaction were present. 


= M,3/V Re, varied from 2.5 to 756. The experimental 


_ induced pressures are compared with the insulated and coreeueemaes interaction theories ” Li 


a sharp leading edge in a rarefied hypersonic flow have indi- 
cated that there exists a delay in the formation of the maxi- 
mum shock wave angle and boundary layer at the leading 
edge. This delay in formation may be caused by the slip 
phenomena in the vicinity of the leading edge (1,3-5) 
After the slip region, the shock wave and the boundary layer 
were merged before separating at very high Mach numbers 
(4). 

Both the formation and the delay of the maximum shock 
wave angle and the boundary layer are strongly influenced 
by the free stream Mach number, ratio of the mean free 
path to the leading edge thickness (Knudsen number), and 
the Reynolds number based upon the leading edge thickness. 
If the Knudsen number is very small, a detached shock wave 
forms in front of the plate and the flow after the normal 
shock wave is subsonic with relatively high pressure. For 
this condition, the viscous effects become small and the in- 
viscid flow over the blunt leading edge predominates, as dis- 
cussed in (6-9). Since the flow is subsonic ahead of 
the leading edge, there is no possibility of the existence of 
slip flow for a reasonably dense gas. For a flat plate with a 
sharp leading edge, Knudsen number equal to or greater than 
unity, a first order theory (5) on the slip phenomenon indi- 
cates that the slip distance is proportional to the flow Mach 
number, mean free path of the gas, and number of collisions. 
Hence, at very high flow Mach numbers the flow over a blunt 
body is drastically different than that for a body with a shar) 
leading edge. 

For the region of strong interaction between the shock 
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wave and boundary layer for a flat plate with infinitely thin 
leading edge, a number of theories have been developed for 
the case with no slip on the surface. They differ primarily 
in the assumption that the shock wave and boundary laye1 
are either separated or merged. Recent schlieren photo- 
graphs at high flow Mach numbers (4) and experiments using 
a free molecular probe in the vicinity of the leading edge (2) 
seem to indicate that the shock wave and boundary layer are 
merged for some distance before separating in a rarefied 
hypersonic flow. This flow model was assumed in (12) for 
the strong interaction region in originally deriving the in- 
duced pressure variation as being linear with X~!, where X 
is the distance from the leading edge. The important inter- 
action parameter was found to be x = M,3/ / Re., where 
M, is the free stream Mach number and Re, is the Reynolds 
number based on the distance X. 

In (17) a eareful investigation of the flow between the 
shock wave and the plate surface was conducted at a flow 
Mach number of 5.8. By heating the air to 1360 R, the in- 
duced pressures over a flat plate (18) were investigated at a 
Mach number of 9.6 with a maximum interaction parameter 
of about 10. A thin flat plate in a rarefied flow was investi- 
gated in the University of California Low Density Tunnel 
over a Mach number range of 2 to 5.8 and with a maximum 
interaction parameter of about 12 (1-3). Similar investi- 
gations for a flat plate have been conducted in helium tun- 
nels (19, 20). The highest interaction parameter in helium 
was about 10. The only other available induced pressure re- 
sults in air for a flat plate at high flow Mach numbers have 
been presented in (4) up to a flow Mach number of 19.6, and 
some results for a stagnation temperature of 7200 R have 
been obtained at a Mach number of 7.8. 

The present investigation was conducted to extend the 
available knowledge regarding the slip phenomenon at the 
leading edge of a sharp flat plate, the interaction of the shock 
wave and boundary layer in rarefied hypersonic flows, and 
the effects of real gas upon the flow over a flat plate at high 
Mach numbers. The flow Mach number in the test section 
varied from 7.95 to 25.1 with reflected equilibrium stagnation 
temperatures of approximately 2300 and 7000 R. For these 
conditions, the calculated ambient mean free path varied 
from 0.0004 to 0.0859 in. With a leading edge thickness of 
approximately 0.001 in., the Knudsen number varied from 
0.40 to 85.9 and the corresponding range of Reynolds number 
per inch was 37,900 to 326. The static pressure in the test 
section varied from 0.95 mm to 3.2 « of mercury and the inter- 
action parameter ranged from 2.5 to 756. 

The leading edge slip phenomenon for a flat plate with a 
sharp leading edge has been investigated by measuring the 
surface pressure and obtaining schlieren photographs of the 
delay in the formation of the strong shock wave and boundary 
layer at the leading edge. The shock wave-boundary layer 
interaction results will be discussed for both nearly perfect 
gas and for a gas at a stagnation temperature of 7000 R where 
some real gas effects are present. 


Description of Experiments oe 


Hypersonic Shock Tunnel and Instrumentation 


The tests were conducted in a hypersonic shock tunnel 
with a 4-in. ID and 103 ft long constant area driven tube 
and a reflected conical nozzle with an exit diameter of 24 in. 
A more detailed description of the facility is presented in 
(21). The shock reflects at the nozzle entrance and further 
increases the pressure and temperature. The throat diameter 
of the nozzle is changeable, allowing for a Mach number 
variation in the test section from 5.5 to 30. A scored alumi- 
num diaphragm at the nozzle entrance permits the evacua- 
tion of the dump tank and nozzle to approximately 5y of 
mercury to facilitate the flow establishment and minimize 
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The model is mounted on a hollow 6-in.-diameter sting 
which is independently supported from the dump tank and 
floor by the use of Teflon bushings. The static pressure 
gages used in the model are barium-titanate piezoelectric 
gages which are small in size and high in output. They are 
very sensitive to position and mounting so they are dynam- 
ically calibrated at the end of the constant area driven 
tube by using the pressure rise across a weak incident shock 
wave. 

Optical investigation of the model is possible through 
thick optically selected plate glass windows by means of a 
single pass schlieren system. A light source is provided by 
a 0.4 usec duration, 10,000 v capacitor discharge spark. 


Model 


The steel flat plate model tested in the hypersonic shock 
tunnel was 5 in. wide and 6 in. long. For high Mach num- 
bers and low density conditions, side extension plates were 
also used to increase the overall width of the plate to 10 in. 
A 5- or 10-in. lucite extension was mounted flush with the 
trailing edge to minimize any base effects. Likewise, thin 
side plates, see Fig. 1, were attached to the plate to prevent 
any disturbance from the gage housing, mounted beneath 
the plate, affecting the flow over the top surface. The lead- 
ing edge of the plate was observed under a microscope and 
the thickness was estimated to be 0.001 in. 

There were five pressure orifices located along the surface 
of the plate at the following distances from the leading edge: 
0.210, 0.772, 1.396, 2.795 and 4.008 in. The gages were all 
housed in the wedge mounted beneath the plate, Fig. 1. The 
impact pressure at the plane of the leading edge was measured 
by a Kistler gage in a cylindrical housing with a hemispherical 
nose. All gages were shock mounted and electrically insulated 
from the model and dynamically calibrated in the model 
before and after each series of tests. 


Test Conditions 


For a hypersonic shock tunnel with a combustion driver, 
it is possible to operate over a wide range of reflected equi-- 
librium stagnation temperatures and pressures at the entrance 
to a conical nozzle (21). The equilibrium stagnation tem-. 
perature and pressure behind the reflected shock wave are 
controlled by the strength of the incident shock wave and the 
initial temperature and pressure in the driven tube. 

The pressure P; behind the reflected shock wave at the 
entrance to the nozzle is measured with a standard Kistler 
quartz gage. The corresponding reflected stagnation tem-. 
perature 7’; is calculated using the known shock velocity at_ 
the end of the driven tube and the equilibrium thermodyna- — 
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Table 1 


Flow conditions 


My, 
of Hg X 10? in. x 


16.1 
18.5 


mic data for air (22-26). Other methods for determining to the free stream pressure and the bmi as was eq: ial 
the high temperature of gases are discussed in (27). For the to the wall temperature of 540 R. This mean free path e- 
present investigation, the reflected pressures were high comes the upper limit for the possible value on the plate sur- 
enough to have nearly equilibrium conditions before the gas face. These values for the mean free path are presented in 
was expanded in the nozzle. Table 1. For both stagnation conditions, the mean free 
Recently a number of analytical papers (28-33) have con- path at the leading edge is much larger than that in the test 
sidered the problem associated with the expansion of high section at high flow Mach numbers. 
temperature air in a hypersonic nozzle. The state of the air A short distance back of the leading edge, the surface prvs- 
in the nozzle was determined by assuming recombination sure and the shock wave angles reach maximum values. 3y 
rates for the air constituents at elevated temperatures. using this maximum pressure and the wall temperature of 
These analytical results indicate some of the effects of stagna- 540 R, the mean free path Amin can be determined, sce 
tion pressure and temperature levels upon the expansion Table 1. Since the surface pressure downstream decreases 
process. Unfortunately, there is no reliable data for the from the maximum value, the mean free path of the air at 
recombination rates of air at the elevated temperatures. the surface condition must increase with the distance from 
To obtain some information for the air expansion process in the leading edge for a constant wall temperature. 
a hypersonic nozzle, an extensive investigation of the static The Knudsen number, ratio of the free stream mean free 
pressure and the impact pressure along the axis of the nozzle path and the leading edge thickness, is presented in Table 1 
was conducted over a reflected equilibrium stagnation for all the test conditions. For the high stagnation tem- 
temperature range of 2100 to 11,000 R and with reflected perature conditions, the Knudsen numbers are very large for 
pressures from 100 to 2000 psia. A detailed discussion of all the flow Mach numbers. At these large values of the 
these results is presented in (34). The observed experi- Knudsen number, the flow at the leading edge is in the free 
mental pressure data were compared with the calculated molecular flow regime, where the collisions between the 
equilibrium and “frozen” cases. It was found that the molecules are negligible compared to the collisions between 
expansion of the air in the nozzle is essentially in equilibrium the molecules and the plate surface. Even larger values for 
up to a reflected equilibrium stagnation temperature of about the Knudsen number are calculated using the mean free path 
8100 R for a reflected pressure greater than 500 psia (34). Amax at the plate leading edge with the gas temperature equal 
Close agreement for the present test conditions was obtained to the surface temperature. 
between the calculated values for equilibrium flow and the The Reynolds numbers Re, based upon the leading edge 
measured results from the static and impact pressures. thickness of 0.001 in., and the ambient flow conditions are 
tabulated in Table 1. For all flow conditions, the Reynolds 
Leading Edge Slip Phenomenon in a Rarefied numbers are quite low and for the stagnation temperatures of 


about 7000 R, the Reynolds number is less than unity. At 


panne Show these low values and with the Knudsen number much greater 


Flow Conditions at the Leading Edge Region than unity, the conventional boundary layer does not form 
at the leading edge region. The Reynolds number per inch 
Knowing the temperature and density in the free stream, indicates that at the high temperature conditions rarefied 
the mean free path defined by the kinetic theory of gases flow phenomena exist over the forward portion of the flat 
is given by plate. 
= 0.499 pir 


Surface Pressure Distribution Near the Leading Edge 
where y is the viscosity, p is the density, and 6 is the average 


molecular velocity. At the low temperatures, the viscosity The induced pressure ratios have been plotted in Figs. 2 
was assumed to be a linear function of the temperature and and 4 for stagnation temperatures of 2300 and 7000 R as a 
for the intermediate range of temperatures, Sutherland’s function of the distance from the leading edge. In Fig. 2 
equation (35) for viscosity was used. Fortunately, in the the range of flow Mach number is from 9.86 to 25.1 with 
test section the highest free stream temperature was 744 R negligible real gas effects present because of the low stagna- 
with a stagnation temperature of 6750 R at a Mach number tion temperature. All of the results for the flow Mach num- 
of 7.95. Thus, the real gas effects upon the viscosity were bers less than 19.8 indicate the trend toward an asymptotic 
negligible for the test section ambient temperatures, and maximum pressure in the vicinity of the leading edge. The 
the ratio of the specific heats y was taken to be equal to 1.4 highest flow Mach number of 25.1 indicates the possible de- 
in determining the average molecular velocity. In Table crease in the induced pressure as the leading edge is ap- 
1 the values of the mean free path A, in the test section are proached. It is also apparent from this figure that the 
tabulated for the different flow conditions. induced pressure on a flat plate, at the high flow Mach num- 
The mean free path Amax at the leading edge of the flat bers, becomes appreciable over a large distance. 


plate was calculated by assuming that the pressure was equal In (4), for a flat plate with a slightly thicker leading edge 
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RATIO OF SURFACE PRESSURE TO FREE 


f 
R x 10% in. Kn, Re, tur 
2480 0.739 0.397 37.9 ms 
2340 79.6 0.804 (25.6 22 0.804 28.7 hig 
2310 ee = 4.82 1.89 15.8 the 
2330 3.21 5.18 640.0 24.6 5.18 7.35 “a 
6750 945.0 3.21 21.5 0.536 3.21 3.75 
7000 62.8 8.2 32.4 18.2 1.02 
6900 14.9 41.8 = = 137.0 9.78 41.8 0.546 
6680 3.81 85.9 «532.0 24.2 85.9 0.326 
F 


and stagnation temperature of 7200 R, only the results at a 
flow Mach number of 7.8 were presented. Induced pressures 
for a flat plate have been obtained in the present investigation 
up to a flow Mach number of 18.5 with a stagnation tempera- 
ture of 7000 R. The induced pressures tend to an asymptotic 
maximum value as the leading edge is approached. At the 
highest flow Mach number the pressure tends to drop off in 
the vicinity of the leading edge. For high flow Mach num- 
bers and large Knudsen numbers, the flow at the leading edge 
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exhibits the slip flow phenomenon, and the shock wave and 
the boundary layer is delayed in forming. Thus, the maxi- 
mum induced pressure ratio occurs at a point downstream of 
the leading edge at high flow Mach numbers, Fig. 4. 

The induced pressure ratios have been plotted in Figs. 3 
and 5 as a function of the strong interaction parameter 
M,3/~/ Re, for stagnation temperatures of 2300 and 7000 R. 
For a stagnation temperature of 2300 R and a wall tempera- 
ture of 540 R, the ratio of wall temperature to the recovery 
temperature is 0.28 for a laminar boundary layer. The 
schlieren photographs at these high flow Mach numbers have 
indicated that a laminar boundary layer exists on the plate 
surface. In Figs. 3 and 5 the theoretical predictions (12, 36) 
of the induced pressures for an insulated and noninsulated 
case are plotted. For the stagnation temperature of ap- 
proximately 2300 R, the wall temperature ratios for all the 
flow Mach numbers were about the same. The induced 
pressure ratios all depart from the straight line variation in 
Fig. 3 at the leading edge region. For the highest flow 
Mach number of 25.1, the tapering off of the induced pres- 
sure near the leading edge is the most pronounced. 

For the higher stagnation temperature of 7000 R, the de- 
parture from the straight line variation of the induced 
pressure with the interaction parameter M,3, V Re, is very 
pronounced at all of the flow Mach numbers, as indicated in 
Fig. 5. At the highest flow Mach number of 18.5 for this 
particular stagnation temperature condition, the leading 
edge Knudsen number and Reynolds number were 85.9 and 
0.326, respectively. The interaction parameter for the first 
pressure orifice was 756. For this value, though the strong 
interaction theory would predict a very large induced pres- 
sure ratio, the actual observed maximum pressure ratio was 
approximately 28. This large decrease in the pressure from 
the strong interaction theory and the departure from the 
linear variation with M,3/V/ Re, indicates the existence of 
the slip flow phenomenon at the leading edge. The strong 
shock wave and the conventional boundary layer are delayed 
in forming over an appreciable distance for this particular 
rarefied hypersonic flow condition. 

Similar induced pressure behavior in the vicinity of the 
leading edge has been reported for a flat plate in rarefied 
flow at a flow Mach number range of 3.5 to 5.8 (1-3). Ata 
flow Mach number of 5.8, the surface pressure was measured 
at the highest interaction parameter of 8 and the induced 
pressure ratio corresponding to this location was 4.8. For 
this flow condition the observed induced pressure began to 
depart from a straight line for an interaction parameter of 
approximately 7.8. The value of the interaction parameter 
at which the induced pressure departs from the linear varia- 
tion with X~!/? increases drastically with the increasing flow 
Mach number, as indicated in Figs. 3 and 5. 
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Fig. 6 Schlieren photograph of flow over a flat plate at Mach 
number, 19.8, 7; = 2300 R 


Schlieren Photographs 


All the schlieren photographs, Figs. 6-8, were taken with a 
single-pass system equipped with a 0.4 microsec spark source. 
For the majority of the present tests, the span of the model 
was 10 in. to obtain the maximum optical length through the 
shock wave and the boundary layer. In these schlieren 
photographs, the outer edge of the boundary layer is visible 
because of the large density gradient (17) existing at the outer 
edge for a hypersonic laminar boundary layer. 

For a stagnation temperature of 2300 R, it was possible to 
obtain schlieren photographs of the flow over the plate from 
Mach number 9.86 to 25.1. At the highest flow Mach 
number, the static pressure in the test section was only 3.2 u 
of mercury and the mean free path was 0.00518 in. The 
maximum shock wave angle did not occur at the leading edge, 
but was located approximately 0.5 in. back of the tip, Fig. 7. 
The shock wave and the boundary layer are more clearly seen 
at a lower flow Mach number of 19.8 because of the higher 
density in the test section, Fig. 6. For this flow condition, 
the Knudsen number was 1.89 with an ambient mean free 
path of 0.00189 in. The maximum shock wave angle was 
delayed in forming but was located closer to the leading edge 
than for the higher flow Mach number of 25.1. After the 
location of the maximum shock wave angle, the shock wave 
and boundary layer are merged before separating, as indi- 
cated in Fig. 6. At the higher flow Mach numbers, the maxi- 
mum shock wave angles are located downstream of the lead- 
ing edge instead of being at the leading edge X = 0 as pre- 
dicted by the classical boundary layer theory with no slip at 
the surface. The length of the shock wave and boundary 
layer merged region increased with the flow Mach number, as 
indicated by the schlieren photographs. Also, the location 
of the reverse curvature in the shock wave and boundary 
layer moved downstream from the leading edge with the 
increasing flow Mach number and lower ambient density. 


Fig. 7 Schlieren photograph of flow over a flat plate at Mach 
number 25.1, 7’; = 2300 R 


Fig. 8 Schlieren photograph of flow over a flat plate at Mach 
number 7.95, 7’; = 7000 R 


For higher stagnation temperatures, it was possible to ob- 
tain schlieren photographs, Fig. 8, only at the lower Mach 
numbers due to the extremely rarefied flow conditions. Fig. 
8 is for a flow Mach number of 7.95 and a stagnatién tempera- 
ture of 7000 R. The stagnation temperature of 7000 R 


corresponds approximately to the temperature encountered 
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during re-entry by intermediate range ballistic missiles. 
The shock wave and the boundary layer are delayed in form- 
ing, Fig. 8, and the maximum shock angle is located down- 
stream of the leading edge. For a given Reynolds number, 
as the mean free path ahead of the model becomes larger and 
the temperature of the gas higher, the delay in the maximum 
shock angle becomes larger and the boundary layer thicker 
even with a cooled wall condition. 

By measuring the shock wave angle from the schlieren 
photograph, the pressure ratio across the shock can be cal- 
culated by using the oblique shock wave relationship for per- 
fect gas as well as for real gas with thermodynamic equilibrium 
(37). The pressure ratio across the shock wave increased 
from the leading edge to a peak value corresponding to the 
maximum shock wave angle. After this maximum value, 
the pressure ratio continuously decreased as the shock wave 
angle became smaller. For a flow Mach number of 25.1, the 
pressure ratio near the leading edge was approximately one- 
half the maximum pressure ratio value downstream from the 
leading edge. The results for the higher stagnation tem- 
perature of 7000 R have indicated a lower pressure ratio at 
the leading edge compared to the peak pressure ratio. The 
increase in the pressure ratio behind the shock wave to a 
maximum pressure ratio could be caused by the slip flow 
existing at the leading edge region (1,3,4). 


Leading Edge Slip-Flow Effects 


For high flow Mach numbers in the test section and at high 
stagnation temperature conditions, the static pressure in the 
test section is in the micron range and the mean free path is 
quite large, see Table 1. For these conditions, the flow over 
the flat plate is in the low density hypersonic flow region 
with some real gas effects in the boundary layer for the 7000 R 
stagnation temperature. 

When the Knudsen number is equal to or greater than 
1.0, the flow over a flat plate can be considered to be the 
case for a sharp leading edge. When the Knudsen number is 
much greater than 1, the flow at the leading edge can be con- 
sidered as being in the free molecular regime. For this 
condition the collisions between the molecules can be neg- 
lected compared to the collisions of the molecules with the 
leading edge and the plate surface. For the Knudsen number 
equal to or greater than unity in hypersonic flow, the possi- 
bility of forming a detached shock wave and a conventional 
boundary layer is remote. 

Besides the Knudsen number, the flow Mach number is 
also an important parameter for the existence of slip flow 
phenomenon at the leading edge. By assuming the hyper- 
sonic flow to be Maxwellian (38) and Kn > 1.0, the molecules 
will travel a distance equal to the product of the Mach num- 
ber and the ambient mean free path in the time of one collision 
for the free stream condition. It will require time for N colli- 
sions to bring the velocity at the surface to zero and as a first 
approximation the slip distance can be given by 


¢ = MAN 


as derived in (5). Thus, for flow Mach numbers, M > 1.0, 
the particles travel an appreciable distance along the plate 
even for the time required for one collision between the 
molecules in the free stream. 

The induced pressure on a flat plate due to the interaction 
of the shock wave and the viscous layer increases as the square 
of the free stream Mach number for a given flow deflection. 
This is apparent from the oblique shock wave equation 


27 y¥-1 

P,/P, = —— M;' sin? 8B — —— 

2/P; 1° sin? B i 
With real gas effects after the oblique shock wave, this equa- 
tion can still be applied with the correct ratio of the specific 
heats for the assumption of equilibrium flow behind the shock 
wave. If the leading edge is blunt compared to the mean 
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free path Kn < 1.0, a detached shock wave can form ahead 
of the plate and the pressure after the normal shock wave on 
the axis becomes very large at high flow Mach numbers. 
Hence, at high flow Mach numbers the difference in the 
maximum induced pressure for a sharp and blunt flat plate 
can be very large. 

When the Reynolds number, based upon the leading edge 
thickness and the free stream condition, is of the order unity, 
and the Knudsen number is much greater than unity, the 
boundary layer at the leading edge will not form in the con- 
ventional manner (2, 39). Hence, for this type of flow condi- 
tion it is not possible to apply the conventional boundary 
layer results in the vicinity of the leading edge. For the 
present investigation at high stagnation temperatures and 
flow Mach numbers, the leading edge Reynolds number was 
less than 1.0 and the Knudsen number was much greater than 
unity. For these conditions the slip flow seems to exist at 
the leading edge region and the shock wave and boundary 
layer are merged after the slip region, Figs. 6-8. For the 
lower stagnation temperature case, the leading edge Reynolds 
number is about 10 at the high Mach numbers but the Knud- 
sen number is greater than unity so that slip flow phenomenon 
can exist, Figs. 6 and 7. 

For large Knudsen numbers, low leading edge Reynolds 
numbers and high flow velocities, the flow at the leading 
edge is nearly free molecular, followed by a rarefied flow and 
finally, at the end of the slip distance, the continuum flow 
with velocity at the wall equal to zero, as indicated in Fig. 9. 
In the slip flow region, the velocity at the wall decreases from 
nearly the free stream value to zero at the end of the slip 
distance (39). The shock wave slope increases from the 
leading edge to a maximum value at the end of the slip 
region. Corresponding to this shock wave behavior, the 
pressure on the surface must also increase from a finite value 
at the leading edge to a maximum value slightly downstream 
of the leading edge before decreasing as X~!/*. The shock 
wave and boundary layer are both merged and delayed in 
forming in the slip region. These results for the slip flow 
region, based upon the kinetic theory of gases, have been 
discussed in (5). 


Shock Wave-Boundary Layer Interaction 
in High Temperature Rarefied Hypersonic Flow 


Induced Pressure Distribution for Reflected Stagnation 
Temperature of 2300 R 


The induced pressure results for the stagnation tempera- 
ture of approximately 2300 R and flow Mach number of 9.86 
to 25.1 are presented in Figs. 2 and 3. For these investiga- 
tions, the flat plate surface temperature was close to room 
temperature throughout the test duration. All the schlieren 
photographs of the flow have indicated a laminar boundary 
layer to exist on the plate so that a recovery factor of 0.85 was 
used to calculate the recovery temperature at the surface. 
The ratio of the wall temperature to the recovery tempera- 
ture is approximately 0.28 for this Mach number range. 
For these conditions the cooling effects of the plate surface 
upon the induced pressures caused by the interaction of the 
shock wave and the boundary layer must be considered. In 
(36) the effects of both heating and cooling upon the induced 
pressure, skin friction and heat transfer have been derived 
for a flat plate with a sharp leading edge. At this particular 
stagnation temperature the real gas effects upon the induced 
pressure are small compared to the wall cooling effects. 

The vertical bars of the test data give the variation in the 
observed induced pressure ratios during the test. At higher 
flow Mach numbers, where the ambient pressure in the test 
section is low, see Table 1, the variation of the test data 
during a given run becomes greater because of the large gain 
required to amplify the output of the piezoelectric gages. 
With additional improvement in the shock isolation of the 
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model and the gage, it will be possible to improve the signal 
to noise ratio at these conditions. For the lower Mach 
numbers, the Reynolds number per inch was high so that the 
amount of the induced pressure variation for a given test 
became small for both stagnation temperatures of 2300 and 
7000 R. 

The asymptotic values of the induced pressure ratio, as 
X becomes larger, approach unity for all the flow Mach num- 
bers. These results also indicate that the lucite extension 
at the end of the flat plate and the fences at the sides of the 
plate, as shown in Fig. 1, were effective in reducing the ex- 
ternal disturbances on the boundary layer. 

For better 1epresentation of the induced pressure effects in 
the physical plane, the measured pressure ratios are plotted 
in Fig. 2 as a function of the distance from the leading edge. 
It is apparent from this figure that the interaction of the 
shock wave with the boundary layer raises the pressure level 
on the flat plate. For flow Mach numbers up to 19.6, the 
first pressure orifice was located back of the slip flow region 
so that the induced pressure continuously decreased over the 
plate surface with increasing X. But, for the flow Mach 
number of 25.1, the first pressure orifice, located at X = 
0.210 in., was in the leading edge slip region and, hence, the 
pressure at the second orifice, X = 0.772 in., was about the 
same as the first orifice location. At this extremely high 
flow Mach number, the maximum pressure ratio was about 
28 and even at a distance of 4 in. back from the leading edge 
the pressure was 14 times the free stream value ahead of the 
plate. Due to this viscous interaction phenomena, the skin 
friction and heat transfer is much higher than the values 
determined by neglecting the induced pressure effects (9-16, 
36). The force and the stability for a lifting surface at high 
flight Mach numbers is greatly affected by the interaction of 
the shock wave and viscous layer. The flow condition at 
the leading edge seems to determine the pressure level at the 
very high Mach numbers. 

In Fig. 3 the induced pressure ratio has been plotted as a 


function of the interaction parameter x = M,3/ V/ Re,. 
For the flow Mach numbers that were investigated, the 
interaction parameter varied from about 2.5 to 404. For 
nearly perfect gas conditions, y = 1.4, the induced surface 
pressures have been measured by Kendall (17) at Mach 5.8 
and x = 3.1, Betram (18) at Mach number 9.6 and x = 8.8, 
Schaff et al. (1-3) at Mach number 5.8 and x = 10. Some 
plate measurements had been made in helium, y = 1.67, by 
Bogdonoff and Hammitt (19) at Mach number 13.6 and x = 
6, and Erickson (20) at Mach number 17.3 and x = 10. In 
our previous paper (4) the highest flow Mach number was 
19.6 with the maximum x value of 140. The amount of avail- 
able data in air for flow Mach numbers above 15 is still rather 
limited. 

For each flow Mach number, the induced pressure ratio 
approaches an asymptotic value of different magnitude, 
indicating the existence of the slip phenomenon near the lead- 
ing edge. These slip effects extend over an appreciable dis- 
tance at a flow Mach number of 25.1, Fig. 3. Not only 
has the maximum pressure been reduced, but the slope of 
the induced pressure as a function of the interaction param- 
eter has been drastically lowered. Laurmann (3) has made a 
first approximation calculation of the induced pressure due 
to the slip at the surface and the results indicate the leveling 
off of the pressure as the leading edge is approached. As the 
flow Mach number is increased, the leading edge slip region is 
extended (5) since one of the parameters for the slip is the 
product of Mach number and mean free path. The slope 
of the straight portion of the induced pressure ratio in Fig. 3 
decreases as the Mach number increases. The theoretical 
slope predicted for the insulated case (12) is also plotted. 
At a flow Mach number of 9.86, the theoretical slope for an 
insulated condition is reasonably close to the observed experi- 
mental results for a noninsulated case. The results obtained 
in the low density wind tunnel (1-3) for induced pressures on 
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a flat plate agree reasonably well with the present M = °.86 
data. 

The effects of noninsulated conditions upon the indu:ed 
pressure, skin friction and heat transfer have been determined 


analytically (36) by assuming a perfect gas. For a stagnation 
temperature of 2300 R, the gas can be assumed to be clos to 
a perfect gas without appreciable error. In Fig. 3 the thco- 
retical slope for the induced pressure ratio as a function of 
the interaction parameter is plotted for the actual tempcra- 
ture ratio for the plate surface. At a flow Mach number of 
15.2, the slope is slightly greater than the analytical value for 
the noninsulated condition and at a flow Mach number of 1°).8, 
the slope is slightly less than the theoretical curve. For the 
flow Mach number of 25.1 with a Knudsen number of 5.2, 
the slope of the induced pressure ratio is much less than the 
theoretical slope. Most of this large decrease in the slope 
could be caused by the appreciable region of slip flow phe- 
nomenon at the leading edge due to the high flow Mach 
number, the large mean free path ahead of the flat plate, 
and the low Reynolds number based upon the leading edge 
thickness. The schlieren photograph of this flow, Fig. 7, 
has indicated the appreciable delay in the formation of the 
maximum shock wave angle and the merged region of the 
shock wave and boundary layer. These results seem to 
indicate that the leading edge slip flow effects can be appre- 
ciably greater than the surface cooling effects at high flow 
Mach numbers with rarefied conditions. Further experi- 
mental and analytical investigations must be conducted 
to understand the effects of surface cooling and leading edge 
slip-flow upon the induced pressure for a flat plate with a 
sharp leading edge. 


Real Gas Effects on Shock Wave-Boundary Layer Interac- 
tion for Reflected Stagnation Temperature of 7000 R 


The real gas effects upon the interaction of the shock wave 
and the boundary layer were investigated for a reflected stag- 
nation temperature of approximately 7000 R and a stagnation 
pressure of about 500 psia. Previous investigations of the 
nozzle flow for these stagnation conditions with impact and 
static pressure probes have indicated that the flow expansion 
was very close to the equilibrium state (34). To investigate 
the flow in the test section for the above stagnation tempera- 
ture and area ratio of 576, an adjustable wedge with pressure 
gages was tested. The shock wave angle and the surface 
pressure were compared with the oblique shock wave calcula- 
tions for equilibrium flow with good agreement (37). All of 
these investigations have indicated that for the above stagna- 
tion temperature and pressure, the flow in the nozzle is very 
close to the equilibrium case. 

At this elevated stagnation temperature, the Reynolds 
number per inch is quite low and the mean free path in the 
test section for different area ratios is appreciable (Table 1). 
For a leading edge thickness of approximately 0.001 in., the 
leading edge Reynolds numbers based upon the free stream 
condition are all less than unity except for the lowest Macli 
number of 7.95. The Knudsen numbers are all greater than 
one and the highest value was 85.9. For these large Knudsen 
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numbers and the low Reynolds numbers, the flat plate can 

be considered sharp with no possibility of forming a detached 

shock wave at the leading edge. The plate surface tem- 

perature for the duration of the flow was close to room 
temperature. By assuming the boundary layer to be laminar 
and a recovery factor of 0.85, the ratio of the wall temperature 
to the recovery temperature is 0.0872. 

For this relatively high temperature and very cool surface 
compared to the free stream stagnation temperature, the 
induced pressure caused by the interaction of the leading 
edge shock wave and the boundary layer is present, as indi- 
cated by Figs.4.and 5. For all the flow Mach numbers above 
7.95, the pressure near the leading edge departed noticeably 
from the linear variation with X¥~'/?. At the lower stagnation 
temperature, only the highest flow Mach number of 25.1 
indicated the large leading edge slip phenomenon. The 
maximum induced pressure ratios seem to again increase ap- 
proximately as the square of the Mach number. After the 
leading edge slip region, the induced pressure in the strong 
interaction region varied as X 

In Fig. 4 the induced pressure ratio is plotted as a function 
of the distance from the leading edge X for the different 
hypersonic flow Mach numbers. The results indicated that 
even at this relatively high stagnation temperature the in- 
duced pressure over the flat plate is appreciable. Due to 
the large Knudsen number and low Reynolds number at the 
flow Mach number of 18.5, the pressure at the first orifice 
location is slightly less than that at the second orifice. This 
result indicates that the slip flow phenomenon extended over 
an appreciable distance back of the leading edge. At even 
higher flow Mach numbers and rarefied flow conditions, the 
leading edge slip phenomenon may extend over a large per- 
centage of the plate surface. This high induced pressure 
over the plate surface will increase the skin friction, heat 
transfer, and forces acting on a lifting surface compared to 
the case without the shock wave-boundary layer interaction. 
The reflected stagnation temperature of 7000 R corresponds 
approximately to the temperature after the normal shock 
wave encountered by a vehicle traveling at a flight Mach 
number of approximately 16 at 100,000 ft altitude. Thus, in 
the design of the hypersonic vehicle with lifting surfaces, the 
leading edge slip phenomenon and the induced pressure due 
to the interaction of the shock wave and the boundary layer 
must be considered. 

The induced pressure ratios are plotted as a function of the 
strong interaction parameter J/,5 V Re, for the different 
flow Mach numbers in Fig. 5. For the strong interaction 
region with surface cooling, the induced pressure ratio is a 
linear function of the above parameter. For all the flow 
Mach numbers that were investigated, the induced pressure 
ratio departs very noticeably from the linear variation as 
the interaction parameter increases. This departure from 
the linear variation is probably caused by the slip flow 
phenomenon (1,3-5). 

The induced pressure on the plate will increase from the 
leading edge to a maximum value at the end of the slip flow 
region. As the flow Mach number in rarefied gas becomes 
very large, the slip flow effects can extend over an appreciable 
distance from the leading edge. The theoretical value for the 

slope of the induced pressure was derived on the basis of a 
cooled surface, perfect gas and no slip at the surface (36). 
By comparing this value with the actual experimental results, 
(Fig. 5), it is apparent that the slip flow effects are very large 
at high flow Mach numbers, compared to the surface cooling 
effects. At the lower flow Mach number of 7.95, the ob- 
served experimental data is closer to the theoretical curve 
for the noninsulated case. The slip extent is governed by the 
product of the Mach number and the mean free path so that 
at the lower flow Mach number the slip flow effects will be 
smaller than at very high Mach numbers. 

These results for the flat plate with a sharp leading edge 
at hypersonic Mach numbers in rarefied, high temperature 
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air indicate that the leading edge slip phenomenon and the 
interaction of the shock wave and boundary layer have a 
definite influence upon the flow. The free stream Mach 
number plays an important role on the extent of the leading 
edge slip region and the level of the maximum induced pres- 
sure. The mean free path in the free stream is an important 
factor for determining sharpness of the leading edge, Kn > 
1.0, and the extent of the slip region (5), ¢ = MAN. A cool 
surface will tend to decrease the boundary layer thickness 
and lower the induced pressure on the surface. Since the 
experimental results for a flat plate at high flow Mach numbers 
and a rarefied gas do not agree with the existing strong inter- 
action theories (10-16), which neglect the leading edge slip 
phenomenon, further investigations must be conducted to 
develop a theory which includes these physical parameters. _ 


Conclusion > 

The flow over a flat plate with a sharp leading edge has 
been investigated over a wide range of test conditions in the 
hypersonic shock tunnel. The flow Mach number varied 
from 9.86 to 25.1 for a nearly perfect gas condition with a 
stagnation temperature of approximately 2300 R. To in- 
vestigate the real gas effects upon the flow over a flat plate, 
a stagnation temperature of approximately 7000 R was 
utilized and the corresponding flow Mach number varied 
from 7.95 to 18.5. 

Schlieren photographs and induced pressure measurements 
have indicated the presence of slip flow at the leading edge 
of the plate. The observed results seem to indicate that the 
slip distance is dependent upon the free stream Mach number, 
the mean free path, and the number of collisions necessary 
to decrease the velocity at the wall to zero. The schlieren 
photographs indicate the delay in formation of the strong 
shock wave and boundary layer near the leading edge. The 
surface pressures also deviated from the strong interaction 
theory in the vicinity of the leading edge. 

In the strong shock wave-boundary layer interaction re- 
gion, the viscous layer and the shock wave were merged and 
there was no apparent inviscid region between them. After 
the maximum induced pressure, the surface pressures varied 
inversely as the square root of the distance from the leading 
edge, as originally predicted by Nagamatsu and Li. The 
deviation from this theoretical result may be caused by the 
occurrence of slip flow at the leading edge region. These 
results were observed for both the nearly perfect gas condition 
and the higher stagnation temperature with real gas effects. 
The maximum induced pressure on the surface of the plate 
was 28 times the free stream pressure and even at the lowest 
flow Mach number of 7.95, the induced pressure was four 
times the ambient pressure. 

The strong interaction parameter x varied from 2.5 to 
756 and the induced pressure results are compared with the 
theoretical predictions of Liand Nagamatsu for a noninsulated 
plate. While there seems to be a reasonable agreement for 
the low stagnation temperature condition, the experimentzal 
results deviate appreciably from the theoretical curve at the 


higher stagnation temperature as the Mach number and — 
This deviation may be caused | 
primarily by the slip flow phenomenon instead of the wall — 


Knudsen number increase. 


cooling effects, but more investigations must be conducted — 
before any definite conclusions can be reached. 
The pressure ratios determined from the schlieren photo- — 


graphs by measuring the shock wave angles have indicated © 


the increase in the pressure from the leading edge to a maxi- — 
mum value slightly downstream; thereafter the pressure de-_ 
creases. When the shock wave and the boundary layer were — 

nerged, the pressure at the shock wave and the plate surface — 
were about equal. 
boundary layer, the pressure behind the shock wave was 
greater than the surface pressure at a given distance from the 
leading edge. 
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High induced pressures, caused by ,the interaction of the 
shock wave and the boundary layer, increase the skin fric- 
- tion, heat transfer, and force on a lifting surface as compared 
to the values calculated by the compressible laminar boundary 
layer theory with no pressure gradient. These effects will be 
apprec siable during the re-entry of glide-type vehicles at 
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Analysis of Convective Heat Transfer | 
of Rocket Nozzles ERNEST MAYER! 


National Engineering Science Co. 


This paper presents simplified analytic formulas for the estimation of convective heat transfer to 
the cooled walls of rocket nozzles of novel configuration, su¢h as spike nozzles, E-D and other ex- 
7 ternal-expansion nozzles. In contrast with conventional nozzles, the exhaust gas flow along the 

: walls of novel configuration cannot, in general, be referred to effective local stream diameters, and 

: parte therefore these nozzles cannot be treated by application of conventional heat transfer formulas cor- 
: responding to fully developed turbulent flow in tubes and annuli. The heat transfer formulas de- 

--, = rived in this paper are based on an approximate solution of the energy integral equation for boundary 
layers by Ambrok’s method. The simplifying assumptions in the analysis correspond to condi- 

—#F tions representative of rocket nozzle flow. Use is made of semi-empirical data associated with 
the Blasius flat plate-heat transfer coefficient, with modifications for variable fluid properties based — 
on Eckert’s reference temperature method. The calculation procedure requires as input data the 

7 cooled-wall temperature and the Jocal free stream data just outside of the boundary layer, as deter-_ 
- mined by the inviscid analysis of the gas flow field. An illustrative example of the procedure is 
_ given for a representative Rocketdyne E-D nozzle configuration. Comparison of the predictions 
_ based on the boundary layer treatment in application to deLaval nozzles with those obtainable from 


- conventional formulas applicable to this case shows reasonable agreement. However, a dependence 
_ of nozzle heat transfer on chamber configuration, not predicted by conventional formulas, is ob- 
_ tained by the present analysis, and is supported by reference to recent experimental data. 
_ OBJECTIVE of this paper is to present formulas for erty values initially assumed will be designated with the 
the estimation of convective heat transfer coefficients in subscript © referring to free stream values. Allowance for 
rocket nozzles, particularly in nozzles of novel configuration variable fluid properties is made subsequently by use of | 
such as spike, E-D, and other external-expansion nozzles Kckert’s reference te mperature method (7) 
(1,2).2- In contrast with the gas flow in the conventional de- Consider the expression for the steady state heat flux from 
Laval nozzle, the exhaust gas flow in external-expansion a free stream at constant stagnation temperature 7o,. in 
nozzles cannot, in general, be referred to any well defined longitudinal flow along a flat plate (see Fig. 1) 
local stream diameters. Therefore, these nozzles cannot be j pe 
treated by use of the heat transfer correlation based on fully Qu = Cpy01T')« a _ pu (: ve. ) dy [1] 
developed turbulent flow in tubes (3), which has proved . , dx J0 To, 


adequate in application to deLaval nozzles (4). 


where the integrand contains the boundary layer variables* 
In this paper, rocket nozzle heat transfer formulas are 


derived by approximate solution of energy-integral equations y = coordinate normal to plate 

for boundary layers along two-dimensional curved surfaces 6(z) = boundary layer thickness 

and surfaces of revolution. The energy integral considered p(x, y) = fluid density 

corresponds to the von K4érmdén integral relation for momen- u(x, y) = fluid velocity _ >? 
tum transfer (5). A rather general method of solving the T(x, y) = stagnation temperature 


energy-integral equation has been given by Ambrok (6). 
The solution given here is obtained by Ambrok’s procedure 
in application to the special case of isentropic gas flow with 
boundary surface at constant temperature; i.e., conditions 
representative of rocket nozzle flow with cooled walls. 


At the edge of the boundary layer y = 6, the fluid variables 
attain the values corresponding to specified free stream data 
Pwo, U., To,.. For boundary layers along curved plates, 
Eq. 1 becomes, to a high degree of approximation 


d 


In the derivations which follow, the energy-integral equa- where y is the normal to the curvilinear coordinate s. The 
tions of the boundary layer are expressed with the aid of the corresponding expression for surfaces of rotational symmetry 
control volume sketch in Fig. 1, employing the notation of is 
((5), chapters 26, 27]. It is assumed for the present, that 
Prandtl number Pr are constant. The constant fluid prop- +4 rds 0 To, 


cosa at the ARS 15th Annual Meeting, Washington, 
D.C., Dee. 5-8, 1960. Sa 
1 Associate Director of Sciences. Member ARS. 3In case of the ieee boundary layer, pr u and 7’ refer 


* Numbers in parentheses indicate References at end of paper. totime-mean values. 
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where the meridional coordinate s and the radius of revolution 
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rare interrelated by a constraint defining the generating 


eum curve of the surface. 


___- The required integrals in Eqs. 2 and 3 are related to the 
stagnation temperature thickness (4) 


pa 2) ay [4] 


which is a measure of the amount of free stream flow required 
to account for the deficiency (or excess) of stagnation tem- 
perature flux in the free stream. 

Introducing the thermal Reynolds number based on T° 


Rer = [5] 


we express Eqs. 2 and 3 in the form 


— py 01d, 0 d 


II 


Finally, by introducing the definitions of the adiabatic 
heat transfer coefficient 


and the Stanton number ort 

St = = [9] 


we convert the energy-integral equations into differential 
relations between Rer and St in two-dimensional and axi- 
symmetric flow 


Rer = ) St [10a] 
ld u (7 — T, 
r ds rRe Mea Ts, ‘) 


The adiabatic temperature Ta is related to the stagnation 
and free stream temperatures by means of 

R = (Tea — T2)/(To,2 — Tx) [lla] 
where ®& is a semi-empirically determined recovery factor (5) 
jPri? laminar boundary layer 


R = 
turbulent boundary layer 


[12] 


In view of the fundamental aerothermodynamic relation (see 


5) be 

the adiabatic wall temperature is, from Eq. lla iy er 
1+ [(y — D/2]M.? 

yhere M., is the free stream Macl ber. = 
where is the free stream Mach number rs _ 


Solution of the Energy Integral Equations 


It is readily seen that if the dependence of St on Rer in 
Eqs. 10a and 10b were known, it would be a simple matter 
to solve these differential equations for Rer and hence for h 
vs. s, in the presence of arbitrary free stream conditions, 

The relation between Rer and St can be readily determined 
for the particular case of uniform, longitudinal flow along 
a flat plate. In accordance with the method of (6), the par- 
ticular functional relation thus obtained is assumed to hold 
more generally in the presence of variable p., U., uo, thus 
reducing the energy-integral equations (Eqs. 10a and 10b) to 
a first-order differential equation for Rer or ‘St. The validity 
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= dy 
= [pucyTs dy 
dy | dx 
dq, + dq, - dq 
7, 77. 
8 


Fig. 1 Sketch of control volume for deriving energy-in‘egral 
equation for boundary layer element of width dz, height 6 sce (5) 


3 


of such a procedure is supported by comparison of predicted 
h with test data for typical turbine blade profiles anc flat 
plate data under both favorable and adverse pressure gra- 
dients (6). 

In order to determine the relation between Rer and ‘it we 
start with the Blasius formula for the flat plate-skin fri ‘tion 


coefficient for constant fluid propertiest 
= [14] 


and employ a modified Reynolds analogy 
= = [15] 


where the semi-empirical Blasius parameters b, B have the 
values listed in Table 1. 

Under the reference plate conditions with p., U., mw. con- 
stant, the plate Reynolds number Rez,.. = pota2/[M.x is pro- 
portional to x with origin at the leading edge. Substituting 
for St., from Eq. 15 into Eq. 10a and solving for the relation 
between Ref and Rez,.. one obtains 


—2/3 


1— 5b 
where the initial condition on 
Rer = 0 at {17] 


has been employed. From Eqs. 15 and 16, the reference 
relation between Rer and St., is, therefore 


(Toa 


"lay 
= = —(1—»)/b 


Under the assumption that Eq. 18 is generally valid for 
variable free stream conditions p., U., ¥«., one obtains from 
Eqs. 10a and 10b the following first-order differential equa- 
tions for the curved plate and the axisymmetric surface, 
respectively® 


1d 

— — (Sf. —(1-a)/6 — 19 

Si. ds (Sta) [19] 
1 1—b 


) = (20] 


ds (BPr.2/3)i 


The solutions for St. in terms of a generalized Reynolds 


number 
= fas [21] 
0 


4 The designation Cp.c, Ho, Pro for the constant fluid properties 
is retained in Eqs. 11 to 23. 

5 In obtaining Eqs. 19 and 20, the variation of (Jaa — 7'v)/ 
To... With s has been neglected, ‘permitting cancellation of this 
factor, which is nearly constant in rocket application. 
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are obtained by elementary integration with the initial condi- 
tion that St. is infinite at the leading edge s = 0 (i.e. Rer = 0 
ats = 0). From the results thus obtained, the heat transfer 
coefficients h, related to St by the definition Eq. 9, are given 
by the following formulas 


ho(s) = Res," [22] 
b 
hs(s) = he(s) 23 
3 Ss pl /(1—6) Poo U 148 

x 
Influence of Variable Fluid Properties 

al 

5) If fluid property variations due to temperature gradients 
in the boundary layer and compressibility effects associated 
with high velocity flows are taken into account, modified 
forms of Eqs. 22 and 23 are conveniently obtained by applica- 
tion of Eckert’s reference temperature method (7). For the 

d purpose of estimating rocket nozzle heat transfer coefficients, 

t it is sufficient to consider density variation based on the ideal 

gas law 

per [24] 
and temperature-dependent viscosity expressed by 
wa T° [25] 


where w is an empirically determined parameter (0.76 for air). 
In regard to the Prandtl number and specific heat, these 
properties show a relatively weak temperature dependence, 
| and, for the sake of simplicity, they will be assumed constant 
at a mean value between 7»,.. and 7, designated by Pr and 
é», respectively. According to the method of (7), the modi- 
fied Stanton number (and friction coefficient) for the flat 
plate with uniform free stream conditions can be evaluated 


from the following formulas 
(4:) 
Po 


St 

where the fluid properties u* and p* are introduced at an 

empirically determined reference temperature (7) 


T* = 0.50(T.. + T..) + 0.22(Taa — T.) 


[26] 


[27] 


Thus with the property dependences in Eqs. 24, 25, the modi- 
fied Stanton number for the flat plate becomes 


St = BSt. = BBPr..~*!*Rez,. [28] 
where 8 is a function of the reference temperature 
B = (T../T*)! [29] 


Repeating the procedure of the previous section we now 
determine the flat plate reference relation between Rer and 
St under variable fluid properties in the boundary layer 
represented by the factor 6, which is constant for uniform 
longitudinal flow along the plate. Substitution of St from 
Eq. 28 into Eq. 10 now yields 


(BBPr,,~2/3) 
and, upon elimination of Rez,.. in favor of St 


Rer = 
Assuming again that the reference flat plate relation, 
Eq. 31, holds generally under variable p., U., u., and 8 one 
obtains from Eqs. 10a and 10b the differential equations for 
curved plate and axisymmetric surfaces, respectively 


1 b 


Ve 


T», 


Rer ) [30] 


(St) [31] 


[32] 


“es - 


Std BY "(St) 
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Table 1 Semi-empirical Blasius parameters oT 
Flow in boundary layer b Bo 
laminar 0.332 
turbulent a 0.0296 
l d 1 b Po 


rSt ds 


Mo 


(BPr-/3)1/* 
where, as previously, the variation of the factor Taz — T'u/ 
T»,.. With s has been neglected. It is convenient to consider 


G = [34] 


as the dependent variable in Eqs. 32 and 33, which can then 
be readily solved for G upon separation of variables and 
integration. This procedure leads to the following results 
for the convective heat transfer coefficients for the curved 
plate and the corresponding axisymmetric surface 


So’ (Br)! tds 


The generalization of these results to include in a better | 

. . 7 
approximation the variations of Pr*, and (Taa — 
T,.. With s is straightforward but tedious, and does not appear — 


warranted in application to rocket nozzle flow. — 


ho(s) = putpU.St = 


hs(s) = he(s) | 


Summary of Procedure 

For the estimation of convective heat flux in advanced — 
rocket nozzles, the preceeding developments require the 
following input data: 

1 Wall configuration specified by r = r(s), where s is the — 
longitudinal (or meridional) coordinate with origin s 0 
at the injector, and r is the radius of rotation at the coordinate — 
s; wall temperature specified by constant T'u. 

2 Combustion product data 7o,., Pr, and y; and w 
corresponding to the temperature dependence of viscosity — 
in Kq. 25. 

3 Free stream data p., U., M.., vs. sas determined from | 
the inviscid flow analysis of the exhaust stream. 

The calculation procedure involves the following steps 
utilizing the Blasius parameters b = 1/5, B = 0.0296 and 
recovery factor ® = Pr’! corresponding to turbulent bound- 
ary layers: 

1 Calculate the local adiabatic wall temperature Taq vs. 
s from (See Eqs. 11a and 12) 


— 1+ — DAMS 


2 Calculate the local viscosity u.. in accordance with the 
temperature dependence (see Eq. 25) uw. « T..%. 

3 Calculate the reference temperature ratio T*/T. vs. — 
s from Eq. 27, with the aid of Eq. 13. 


4 Determine the function 6 vs. s based on (see Eq. 29) 


( 


5 


(see Eq. 35) 


Calculate the curved plate heat transfer coefficient from _ 


(fo? U tds)" 


hi(s) = 


aq 
H 
4 
{ 
| 
; 
i” 
|| 
a 
a 
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= 


6 Calculate the heat transfer coefficient for the corre- Illustrative Application to an E-D Nozzle M a 
sponding axisymmetric nozzle from (see Eq. 36) 
The calculation procedure summarized above is now applied sere 
75/4 to a representative Rocketdyne E-D nozzle. The wa!! con- tub 
hs(s) = he(s) tours considered are sketched in Fig. 2. The heat transfer 
ay coefficient is calculated for a storable propellant system 
oe 5 7 Calculate the local heat flux from Eq. 8. N.O./UDMH-N2H, with combustion products at a chamber 
pressure of p. = 300 psia. The required combustion product wh 
a data are listed in Table 2. A wall temperature of 7, = 2000 old 
R is assumed in the calculations. The contour specification Flu 
and required free stream data obtained from the inviscid at 
: flow analysis is listed in Table 3. \ 
Table 2 Combustion product data for N.O,/UDMH- The calculated results hs for the inner and outer contours tho 
N2H, at pe = 300 psia are shown in Figs. 3b and 3a respectively. These curves at 
Tyo = 5776 R Zp» = 0.45 Btu/Ib—deg R show a characteristic rise toward the injector end, typical of ro 
pal Ton) = 5.25 X 10-6 lb/in.-sec boundary layer results at a leading edge. Close to tlie in- ‘i 
Pr = 0.80 «oie mgt jector the calculation has, of course, no validity, but as 1oted r 
» in previous boundary layer investigations of rocket heat rel 
transfer (8,9), the starting conditions have negligible « ffect to 
on the predicted heat transfer near the throat and in the oo 
supersonic region of the nozzle. ve 
In regard to the plug contour, downstream of the “throat” Ur 
<li where separation and recirculation occurs in practice, the ” 
Table 3 Contour and deta predicted results (shown as a dashed curve in Fig. 3b) are 
a Outer contour _ not applicable, 
@ = an 
nie. M. Ib Comparisons of Predictions for deLaval Nozzles fl 
0 10.28 0.250 0.1052 922 For the conventional deLaval nozzles the heat transfer 
4 formulas based on the boundary layer analysis permits a con- Si 
12.1 10.15 0.344 0.1022 1361 te 
15.0 9.89 0.376 0.0996 1486 
18.6 9.61 0.420 0.0993 1659 
19.3 9.55 0.450 0.0981 1772 ; 
19.6 9.53 0.510 0.0956 1999 
20.2 9.67 0.550 0.0937 2149 ie 
21.0 10.03 0.640 0.0888 2489 
21.4 10.35 0.700 0.0849 2753 
21.9 10.65 1.000 0.0676 
22.1 10.82 1.177 0.0574 4344 
24.4 12.89 1.449 0.0428 5159 . 
25.3 13.59 1.620 0.0350 5623 
26.3 14.44 1.808 0.0276 6090 
27.7 15.49 2.014 0.0210 6562 
29.9 16.85 2.245 0.0154 7033 
32.0 18.11 2.439 0.0118 7387 
34.0 19.13 2.579 0.0097 7621 
36.4 20.26 2.729 0.0078 7855 
39.6 21.55 2.890 0.0062 8085 : 
43.8 23.01 3.060 0.0049 8311 7 "ie ' 
49.5 24.59 3.247 0.0039 8530 
57.4 26.31 3.444 0.0029 8741 
65.4 27.52 3.594 0.0023 8892 
b Inner contour (plug) 
0 5.87 0.250 0.1052 992 
3.0 5.87 0.300 0.1038 1188 020 
6.0 5.87 0.310 0.1034 1229 
9.0 5.87 0.324 0.1030 1282 © 
12.0 5.87 0.344 0.1022 1361 — | 
15.0 5.87 0.376 0.0996 1436 Pe 
18.5 5.87 0.420 0.0993 1659 “ 
19.88 6.11 0.450 0.0981 1772 4 
21.33 6.70 0.510 0.0956 1999 1 
22.89 7.72 0.550 0.0937 2149 Zl 
23.33 8.93 0.640 0.0888 2489 
25.05 9.60 0.700 0.0848 2753 0.05 4 
25.68 10.17 1.000 0.0676 3771 
25.96 10.43 1.177 0.0574 4344 
25.99 10.67 1.651 0.0336 5706 
26.12 10.78 2.096 0.0121 6743 ft) 10 20 30 40 ry 10 20 30 
26.25 10.87 2.589 0.0096 7636 s(INCHES) s(INCHES) 
26.38 10.90 3.154 0.0043 8421 a. OUTER CONTOUR b. INNER CONTOUR 
26.52 10.93 3.845 0.0016 9111 Fig.3 Calculated heat transfer coefficient in E-D nozzle (N20./ 
UDMH-N:H, Combustion Products at p, = 300 psia) 
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yenient parametric comparison with the conventional heat 
transfer formulas based on fully developed turbulent flow in 
tubes. We consider in particular the tube flow heat transfer 
correlation (3) 


where, us indicated by the subscript D, the Nusselt and Reyn- 
olds numbers are based on the local tube diameter D. 
Fluid properties required in Eq. 37 are generally introduced 
at the arithmetic mean between bulk and wall temperatures. 

We shall now compare the prediction based on Eq. 37 with 
those obtainable from the boundary layer (Eqs. 22 and 23) 
at the throat D = D,, where heat transfer conditions are 
most severe. In order to obtain meaningful comparisons 
we consider identical mass flows through a throat of fixed 
diameter D, with chamber configuration parameters inter- 
relate by constant values of L*; i.e., constant ratio of volume 
to throat area. For simplicity we consider the chamber as a 
combination of a cylinder (diameter D., length L.) with a con- 
vergent cone (half-angle ¢, contraction ratio e. = D.?/D,). 
Under these conditions the local free stream data are related 
to Re» in Eq. 37 by 


= 


and because of the constancy of p.U..D? (continuity of mass 
flow) 


[38a ] 


= Ren:D,/D? [38b 


Substituting from Eq. 38b into Eq. 22 with specific heat and 
viscosity at the mean values é, and @, respectively, one ob- 
tains 


ho = [39] 


where J is the chamber configuration integral from the in- 
jector s = Oto the throat s = s, “ti 


I = 


For the ecylinder-cone configuration with the parameters 
€.,lic,@, the integral in Eq. 40 is 


1 1 


By further restricting the configuration to constant. value of 
L*, the ratio of volume to throat area, the er L, can 
be ‘eliminated from Eq. 41 by means of 7 


Thus’ Eqs. 41 and 42 define J as a function of L*,e.,D, and ¢. 
The heat transfer coefficient h3 at the throat of the deLaval 
nozzle is now calculated from Eq. 23 which leads to 


hse = 


where J is the configuration factor 


For the cylinder-cone combination the indicated integrations 
yield 


D-*ds 


—1/2 Le 1/2 
‘ J = L 5) 
sing 


which together with Eq. 42 define J in terms of the param- 
eters L*, €., Di, o. 
From the pipe flow correlation in Eq. 37 the heat transfer 
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Fig.4 Comparison of heat transfer coefficients calculated by two 
methods for chambers of L* = 50 in.: hs; (Boundary Layer) and 
hpt (Pipe Flow Correlation) 
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Fig. 5 Variation of h;:/hp: with L* for D; = 8 in. ¢ = 30 deg. 


coefficient at the throat is 


hp, = [46] 
where & is the mean thermal conductivity related to Pr by 
k = P [47] 


Therefore the ratio of ks; predicted by the boundary layer 
formulas to that obtained from the pipe flow correlation is 


hae Py (7)" 


For a variety of rocket combustion products the factor Pr” 
is nearly constant and equal to about 1.02. Therefore, the 
ratio h3:/hpy, depends primarily on the chamber configuration 
parameters L*, «., D,; and @. The parametric dependence® 
is shown in Fig. 4 for representative value of L* = 50 in. 
Curves of the ratio h3:/hp, for a range of L*’s are shown in 
Fig. 5, calculated with D, = 8 in., @ = 30 deg. 


[48] 


6 Recent nozzle heat transfer data obtained at the Jet Pro- 
pulsion Laboratories of CIT are reported in (12). The data 
summarized in Fig. 9 of (12) are consistent with the trends de- 
scribed by Eq. 48 and represented in Figs. 4 and 5, which pre- 
dict increasing throat heat flux with decreasing L* or increasing 
€, other parameters being held constant. In particular, the 
reference data reveal an increase of the order of 10% in the peak 
heat flux when L* is decreased from 62.8 to 38 in. by decreasing 
the length without changing the throat and injector: configura- 
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Concluding Remarks 


In conclusion we note some advantages possessed by the 

au simplified boundary layer solutions both in regard to physical 

a insight and ease of application to nozzle heat transfer prob- 

Jems. 

fundamental solution, Eq. 22, for the two-dimensional 
flow field exhibits the role of two factors in their influence on 

- the heat transfer coefficient: 1 the free stream convection 


factor which may undergo rapid spatial variations, 


ad. and 2 a monotonically i increasing factor Re,°(b > 0). Thus 

_ the heat transfer coefficient is determined primarily by the 

local convection term p.U.. with secondary effects arising 
_ from upstream conditions implicit in Re,’. The conversion 

from two-dimensional to axisymmetric heat transfer coeffi- 
cient given by Eq. 23 is essentially a geometric transforma- 
tion. In particular, for the case of uniform free stream condi- 
tion in axisymmetric external flow along a cone with r propor- 
tional to s, Eq. 23 reduces to 


hs 2—-— b 
| 

For the laminar boundary layer with b = 1/2 the above 
formula yields (h3/h2)iam = (3)!/?, in agreement with the re- 
sults of the classical Mangler transformation (5). For the 
turbulent boundary layer with b 1/5 and uniform free 
stream conditions as per supersonic external flow along the 
cone, Eq. 49 yields (h3/he)turb = in agreement with 
_ the result calculated in (10). For internal flow along cones, 
the expressions for the ratio of heat transfer (and skin ra 
tion) coefficients deduced from the transformation, Eq. 2 
depend on the local contraction or expansion ration, as w a 
coe as the Blasius parameter b, in agreement with the qualitative 
trends discussed in (11). 
In regard to the comparison of predictions based on 
boundary layer analysis and on the pipe flow correlation, the 
following trends are evident in Figs. 4 and 5: 
1 hs:/hp, increases with increasing throat diameter D,, 
contraction ratio €. and to some extent with increasing con- 
--vergence angle @. 
2 hs:/hp, decreases with increasing L*. 

3 Good agreement between the two methods of calcula- 
tion As:/hp, ~ 1 is obtained over an extended range of param- 
eters representative of typical rocket motors (L* ~ 50 in., 

~ 2, ~ 30 deg, ~ 6 in.). 

The trends described are predicted by the upstream con- 

figuration factor (J/Z)"/* in Eq. 48 resulting from the bound- 

ary layer method of analysis. From the viewpoint of the 

_ boundary layer theory, the applicability of pipe flow formulas 
- to nozzle heat transfer calculation implied by (3) is a matter 
_ of coincidence realized in representative nozzle configurations 

for L* ~ 50 in. It is antic ‘ipated that with improved com- 

_ bustion processes (better mixing, more highly aye pro- 
- pellants) which permit significant reductions in L*, the re- 

a duced boundary layer development will result in ine reased 
s heat transfer at the throat. For such chambers the conven- 
tional pipe flow formulas are likely to underestimate the gas- 
side heat transfer coefficients. On the other hand, the bound- 
: ary layer formula is likely to predict low nozzle heat transfer 
coefficients for relatively long chambers in which fully de- 
veloped turbulent flow is achieved upstream of the throat. 
_ Finally we note that the calculation of heat transfer coeffi- 
cients from Eqs. 35 and 36 in accordance with the procedure 
_ described in the text requires straightforward quadratures 
_ readily accomplished by elementary graphical or numerical 
_ methods. In application to advanced rocket nozzles, the 
relative simplicity of this approximate procedure possesses 
significant advantages over more “rigorous” and elaborate 
boundary layer analyses. The potential accuracy of more 
elaborate analyses in estimating heat transfer cannot be 
realized in practice because of deviations from the idealized 
exhaust gas-flow in regard to temperature and fluid com- 


position due to injection and combustion patterns in the 
rocket chamber. 
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Nomenclature 


b = semi-empirical Blasius parameter 

Cp = gasspecific heat at constant pressure 

= convective heat transfer coefficient 

= gas thermal conductivity 

= combustion chamber pressure 

= heat flux 

= radial coordinate 

= meridional coordinate 

longitudinal velocity in boundary layer 
coordinate along flat plate 
coordinate normal to wall 
= Blasius parameter 
skin friction coefficient 7 

= diameter as 
= configuration integral — 
= configuration integral 

L. = length of cylindrical portion of chamber a 


Il 


L* = ratio of chamber volume to throat area iam 
M = Mach number 

Nu = Nusselt number ve 
Pr = Prandtl number 

G = recovery factor 

Re = Reynolds number 

St = Stanton number 

7 = temperature (absolute) 
7* = reference temperature ae! 
Toa = adiabatic wall temperature 

T, = stagnation temperature in boundary layer 
T» = wall temperature 

U., = free-stream velocity 

8 = reference temperature function 

y = ratio of gas specific heats 

6 = boundary layer thickness 

€- = contraction ratio 

= dynamic viscosity 

p = density 

= cone half-angle 

w = viscosity-temperature exponent 

= stagnation temperature thickness 
Subscripts 
2 = two-dimensional (curved plate) 

3 = three-dimensional (axisymmetric ) 

s = curvedwall 

t = throat A 

x = flat plate 

co = freestream 

D = diameter 
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in an oxidizing atmosphere. - 


HE ADVENT of nuclear energy and rocket propulsion 

has focused attention on the need for a more complete 
understanding of the mechanisms involved in the high tem- 
perature oxidation and ignition of metals in comparatively 
short time periods. The factors of metal composition and 
fabrication history, metal temperature and the composition, 
pressure and superficial velocity of the ambient atmosphere 
must be considered in any systematic evaluation of such 
ignition processes. In selecting materials to resist rapid 
oxidation, however, due emphasis must be given to other 
necessary metal prerequisites, including high thermal con- 
ductivity and tensile strength, low density, high melting 
point, ease of fabrication, and availability at re asonable cost. 


Most metals and alloys, when exposed to an oxidizing at- 
mosphere, undergo a chemical reaction with the oxidizing 
component of the gas phase, forming an oxide film or scale on 
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Ignition Characteristics of Metals 


and Alloys 
Aerojet-General Corp. 
Sacramento, Calif. 


The ignition characteristics of engine structural metals and alloys as influenced by the com- 
position and pressure of the ambient atmosphere are of immediate interest to propulsion design 
engineers. Tubular test sections of the stainless steel, cobalt and nickel alloys, besides aluminum, 
copper and titanium were resistance heated in controlled atmospheres of oxygen, carbon dioxide 
and an equal mixture of these gases. Tube and gas temperatures obtained were correlated with 
color motion picture coverage of the manner in which the tube heated and failed. 
and cobalt alloys ignited within the melting point range of each material. 
ignite until the melting point was reached. 
Stainless steels with a high nickel content appear most suited for applications at high temperatures 
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Stainless steels 
Nickel alloys did not 
The rate of combustion increased with oxygen content. 


ot. 


the surface of the metal. The physical and chemical reactions 
controlling oxidation (e.g., the rate at which the oxide forms 
and the nature of its bond to the metal surface) are complex 
functions of a number of variables. These include not only 
the chemical composition and physical state of the metal 
surface, and the geometry of the metal object, but also en- 
vironmental factors (i.e., the chemical composition and 
fluid-dynamical characteristics of the gaseous environment 
and the pressure and temperature of the entire system). 

Those metals that form a nonporous oxide film which ad- 
heres tightly to the base metal are immune to further oxida- 
tion. Ignition of the metal will not normally occur unless 
this protective film is broken. Nickel and aluminum have 
this desirable characteristic. However, if the oxide film 
is porous, or does not adhere to the base metal, oxidation will 
occur. This results in destruction of the metal through com- 
plete conversion to the oxide form. Ignition occurs more 
readily for metals forming such films. Mild steel, molyb- 
denum and titanium have these characteristics. For most. 
common metals, under ambient atmospheric conditions, such 
oxidation rates are comparatively slow. 

Oxidation is an exothermic reaction. For slow rates of © 
oxidation (e.g., the rusting of steel) the heat of reaction at the | 
surface of the metal is dissipated principally by conduction to 
the bulk of the metal and by convection to the atmosphere. 
The metal temperature thus remains essentially at the am- 
bient level. If, however the rate of oxidation is so rapid that 
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the generated heat cannot be removed from the surface at 
the same rate, the sensible heat of the surface increases with 
an accompanying temperature rise. This process continues 
until ignition of the metal occurs. 

The problem of whether ignition, or kindling, of metals 
occurs below, at or above the melting point of the metal or 
alloy depends to an appreciable extent on the characteristics 
of the oxide film and on the overall rate of oxidation. For 
example, Fassell and co-workers (1) have shown that for 
magnesium alloys, the ignition temperature decreases as the 
oxidation rate is increased. The ignition temperatures of pure 
metals have been studied by Grosse and Conway (2) and by 
Mellor (3). Considerable data have been obtained by Reyn- 
olds (4) concerning the ignition of metals and various alloys 
in air and in oxygen and helium atmospheres under both stag- 
nant and flowing conditions. In this investigation metal 
temperatures up to the point of ignition were measured by 
optical pyrometry. It was found that metals such as carbon 
steel, Type 410 stainless steel, molybdenum, tantalum, ti- 
tanium and tungsten would ignite below their melting point. 
Metals such as Type 302 stainless steel and Inconel X ignited 
when the metal melted. No ignition occurred when nickel, 
Inconel and copper were tested in oxygen atmospheres. In 
general, the rate of burning was found to increase with 
pressure. 

Hill and co-workers (5) reported that titanium, iron, carbon 
steel and 4130 steel spontaneously ignited in the solid phase 
(below the melting point) when heated in an atmosphere of 
oxygen. These metals melted rapidly while burning. In- 
conel, copper, 18-8 stainless steel, monel and alumiaum could 
not be made to ignite spontaneously at temperatures up to 
melting with the equipment available. These tests were con- 
ducted under both static and flow conditions in air, oxygen 
and nitrogen atmospheres. Recent work at Aerojet-General 
(6) on the rates of self-sustaining burning of magnesium in 
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Schematic of test apparatus 


oxygen (with oxygen pressure and superficial velocity as 
variables) indicated that the burning rate followed either in- 
creased oxygen velocity or increased pressure. The rate 
controlling step appeared to be the maximum rate of vapori- 
zation of the metal at a temperature slightly above its boiling 
point. The same work contains a critical review and reinter- 
pretation of the Eyring-Zwolinsky theory of metal ignition, 
based on the experimental data reported in (1). Microscopic 
integranular oxidation at the surface of the metal, producing 
localized hot spots at the metal surface, may result in metal 
vaporization and ignition. 


Description of the Test Apparatus and Testing 
Procedure 


The test technique consisted basically of resistance-heating 
to destruction tubular specimens of various metals and alloys 
while surrounded by the test atmosphere at the required 
pressure. A schematic of the test apparatus is shown in Fig. 
1. Tubular sections of the metal to be tested were clamped 
in the electrodes in a horizontal position in the testing device, 
parallel to the viewing port at one end of the cylinder. ‘The 
chamber was pressurized to 50, 300 or 800 psia with either 
commercial-grade oxygen, carbon dioxide or a 50-50 mixture 
(by volume) of the two gases. Controlled cross flow of the 
chamber gas around the test piece to the outside air prevented 
stagnation of the atmosphere within the apparatus. The 
metal was then resistance heated by applying alternating cur- 
rent in step-wise increments at a rate so that metal failure oc- 
curred within one to two minutes after the initial application 
of power. Tube and gas temperatures, as well as power in- 
puts, were continuously recorded. Color motion picture 
photography recorded the manner in which the tube heated 
and failed. 

Test sections were 4 in. Jengths of commercial tubing homo- 
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geneous to visual inspection. 
either 0.500 or 0.375 in., whereas wall thicknesses varied from 


Tube diameters tested were 


0.010 to 0.035 in. It was necessary to machine some samples 
to obtain wall thicknesses having the desired electrical resis- 
tivity for cases where commercial tubing of the desired wall 
thickness was not available. Two no. 30 gauge chromel- 
alume! thermocouples were spotwelded or otherwise affixed 
to the inner tube walls at the midpoint of the tube (platinum- 
platinum 10% rhodium thermocouples were also used for a 
limited number of tests). Thermocouple lead wires were led 
through a 0.25-in. steel tube which was then filled with an 
epoxy resin to seal the outlet. A bleed orifice calculated to 
allow the desired gas cross-flow velocity around the test piece 
was installed downstream of the test chamber. The test 
atmosphere, prepared in the mixing chamber by pressurizing 
with the desired gases (using the pressure ratio as indicative 
of the volume fraction of each gas present), was then admitted 
to the test fixture at the desired pressure. 

Power, controlled through a variable autotransformer, was 
applied to steel and alloy tubes in increments of approximately 
0.25 v at 5-sec. intervals and increments of approximately 
0.02 v at 5-sec intervals for the nonferrous test sections. 
Tests were continued until either tube failure occurred or the 
maximum voltage output of the transformer was reached. 
Two hundred individual tests were conducted in this manner. 


TEST ATMOSPHERE 


Experimental Results 


Two general series of tests were conducted. Since Type 347 
stainless steel has wide application in fabricating propulsion 
system hardware, the ignition characteristics of this alloy 
were most intensively studied. More limited testing was 
performed on samples of the other metals and alloys. 


347 Stainless Steel 


A complete series of tests were conducted at 50, 300 and 800 
psia in atmospheres of oxygen, carbon dioxide and an equal- 
volume mixture of these gases. Additional tests were made 
using nitrogen and helium atmospheres at the 300 psia pres- 
sure level. Tests were also conducted on the effects of super- 
ficial gas cross-flow velocity, rate of heating, and special 
metal surface treatment. 

Effect of gas composition at 300 psia pressure. Failure of 
the test specimens occurred within the melting point range 
for all the gas compositions tested. The metal ignited in 
100% oxygen and 50% Ov-50% CO atmospheres with partial 
destruction of the test sections. Test results are shown in 
Fig. 2. 

Effect of gas pressure. No ignition occurred in oxygen at 
50 psia. At 300 and 800 psia ignition took place within the 
melting point range of the alloy, resulting in destruction of the 
test specimen. The rate of burning and proportion of test 
section destroyed increased with pressure. No ignition oc- 
curred in a carbon dioxide atmosphere. Post-test specimen 
appearance is shown in Fig. 3. 

Effect of other factors. Wide variations in gas cross-flow 
velocity and in the rate of heating showed that ignition again 
took place within the melting point range of the metal. 
In tests where the tube was partially coated with a refractory 
ceramic, the metal ignited under the coating and burned as 
the coating flaked off the surface. 


Carbon Steel and Other Stainless Steel Alloys 


Effects of variations in gas composition and pressure upon 
the ignition of mild steel and Types 304, 310, 321, 410, 
AM350 and 17-7 PH stainless steel, comprises the bulk of the 
steel alloys used in rocket propulsion hardware. 

Effect of an oxygen atmosphere. At a pressure of 50 psia, 
specimen ignition occurred within the melting point range of 
the metal with exception of Type 410 stainless steel which ig- 
nited at a lower temperature. At 800 psia, Type 304 stain- 
less steels ignited at temperatures within the melting point. 
range of the alloy. Ignition of the other metals tested oc- — 
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curred at temperatures of 250 to 500 F below their respective 
melting points. The rate of burning was found to increase 
with pressure. At 50 psia the carbon steel sample was com- 
pletely destroyed, whereas about 60 to 80% of the stainless 
steel test sections were consumed. At the higher pressure 
levels, essentially all the tubing between the electrodes was 
destroyed. 

Effect of gas composition at 300 psia pressure. Comparison 
of photographic and instrument data for tubes heated to de- 
struction in 100% O2, in 100% CO», and in an equal-volume 
mixture of these gases showed that, with the exception of 
Type 410 stainless steel, each test sample failed at a tempera- 
ture within the melting point range of the alloy. In an oxygen 
atmosphere up to 70% of each test section was destroyed due 
to ignition and combustion of the metal. In the 50% 0.-50% 
CO, mixture, when ignition did occur with carbon steel and 
Stainless types 347, 410 and AM 350 alloys, only partial 
destruction of the test specimen resulted. No ignition oc- 
curred in the carbon dioxide atmosphere; failure of the tube 
was due to melting. Test results are shown in Fig. 4. ae 
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Fig.5 Effect of atmosphere on kindling of nickel alloys (300 psia) 


Nickel Based Alloys 


Test sections of six nickel based alloys were tested to 
destruction. These were Nickel A, Monel, Inconel X, 
Hastelloy C, Hastelloy R and Hastelloy X. 


Effect of an oxygen atmosphere. At the 50 psia pressure 
level, test sections of these alloys all failed at temperatures 
within their melting point ranges. However, at 800 psia, both 
Inconel X and Monel failed at temperatures 250 to 500 F be- 
low their respective melting points. No ignition of the metal 
occurred with Nickel A at 50, 300 or 800 psia. Test sections 
of Monel, Inconel X, Hastelloy R and Hastelloy X ignited ata 
gas pressure of 800 psia. The ignition of Inconel X and Monel 
at the high gas pressure, and of Hastelloy R and Hastelloy X 
at all pressure levels resulted in partial destruction of the test 
section. 

Effect of gas composition at 300 psia pressure. All test 
specimens failed at temperatures within their respective 
melting point ranges. Ignition of Hastelloy R in an oxygen 
atmosphere resulted in 60% destruction of the test section. 
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Although ignition occurred in oxygen for samples of Inconel 
X, Hastelloy C and Hastelloy X, only the portion of the tube 
immediately adjacent to the severance area was consumed. 
With the exception of Hastelloy R, no ignition occurred in the 
50% O-50% COz atmosphere. The appearance of these sec- 
tions following the tests is shown in Fig. 5. 


Cobalt Based Alloys 


Two cobalt based alloys were studied in this program. 
These were Haynes 25 and Multimet. 

Effect of an oxygen atmosphere. Ign tion of test samples of 
thes. two alloys occurred within their respective melting 
point ranges. The rate of tube destruction increased with gas 
pressure; at the 50 psia pressure level, 5 to 30% of each test 
section was consumed after ignition, whereas at higher pres- 
sures 50 to 70% of each sample was destroyed. 

Effect of gas composition al 300 psia pressure. Metal igni- 
tion occurred for both alloys in 100% oxygen with over 70% 
of eac!i section destroyed. Test specimens of Multimet igni- 
ted in the 50-50 mixture of oxygen and carbon dioxide. The 
remailis of the test samples are shown in Fig. 6. 


Miscellaneous Metals 


Of the nonferrous metals of importance to propulsion system 
design, aluminum, copper and titanium were selected for test- 
ing. 

Effect of an oxygen atmosphere. Failure of the aluminum 
test section was due to melting of the metal with no subse- 
quent ignition. At an oxygen pressure of 50 psia, no ignition 
occurred for the copper sample; however, at 300 psia ignition 
occurred and 60% of the test section was destroyed. Ignition 
of titanium occurred 250 to 1000 F below the melting point 
of the metal. Test sections were completely destroyed. 
Even the copper electrodes which held the test section in place 


ignited and burned during the test conducted at 300 psia. 
Titanium was by far the most reactive of all the metals tested. 

Effect of gas composition at 300 psia pressure. Failure of the 
aluminum test sections in oxygen, carbon dioxide and their 
equal-volume mixture was due solely to melting and subse- 
quent severance of the tube. For copper, ignition and partial 
destruction was noted for tests conducted in oxygen with no 
ignition in other gas compositions. Titanium was observed 
to ignite in all the atmospheres tested. Even in the 100% 
CO: atmosphere the test specimen was completely destroyed 
at a temperature 250 F below the melting point of the metal. 
The remains of the samples after testing are shown in Fig. 7. 


Discussion of Test Results : 
Carbon Steel and Stainless Steel Alloys 

The ignition temperature of carbon steel in an oxygen at- 
mosphere as reported in (3 and 5) varies from 1700 to 2300 F. 
In this study, the ignition temperature was found to vary 
between 2000 to 2700 F, depending upon the pressure. It is 
probable that the oxide film on the tube’s surface, as noted in 
the motion picture coverage, influenced the ignition charac- 
teristics of the test piece. 

Stainless steels having an appreciable nickel content may 
be raised to their melting point before ignition will occur. 
Alloys such as Type 410 and Type 430, which have no nickel 
as an alloying element, ignite at temperatures 250 to 300 F 
below their nominal melting points. 

For all the ferrous alloys investigated, the rate of burning — 
increased with increases in gas pressure. Since combustion — 
depends upon a continuous renewal of reactants in the com-— 
bustion zone, it is obvious that increasing the total oxygen 
pressure results in a proportionately greater concentration of 
oxygen molecules available to the flame front. After initial 
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ignition, the entire test section was destroyed at the higher 
pressure levels, whereas the test section was only partially 
destroyed for low pressure tests. 

In atmospheres composed of 50% oxygen-50% carbon 
dioxide, ignition occurred within the melting point ranges of 
the particular metals tested (with the exception of Type 410 
stainless steel). The rate of burning and the related length 
of sample consumed during the test decreased with decreasing 
oxygen concentration. Failure of the test sections in a carbon 
dioxide atmosphere occurred owing to melting and severance 
of the tube. No ignition was noted. 


Nickel Based Alloys 


Test results with Nickel A showed tube failure occurred by 
tube melting and severance. No ignition or combustion was 
observed in any test. Reynolds (4) reports similar results 
with Inconel in an oxygen atmosphere. Apparently a pro- 
tective nonporous adherent oxide coating forms on the surface 
of the metal, inhibiting further oxidation. 

Inconel X was found to ignite and burn at the 300 and 800 
psi pressure levels. Only at the higher pressure did combus- 
tion completely destroy the tube. Reynolds also reports 
ignition and burning with Inconel X in an oxygen atmosphere. 
The ignition of Inconel X may possibly be attributed to the 
presence of 2-14% titanium in this alloy. 

Of the three Hastelloy alloys evaluated, Hastelloy C ap- 
pears most resistant to oxidation at high temperatures and 
pressures. Ignition and partial destruction of test sections 
of Hastelloy R and Hastelloy X occurred at both 300 and 800 
psi gas pressure. 

No ignition and subsequent combustion of nickel based 
alloys was noted in either carbon dioxide or 50% oxygen-50% 
carbon dioxide atmospheres with one exception. Partial 
destruction of a test section of Hastelloy R was observed for 
tests in the 50-50 mixture. Again, the ignition may result 
from the presence of titanium in thealloy. | 
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Fig. 8 Test summary in various atmospheres, pressure = 300 psia ee ; 


Cobalt Based Alloys Vor: 


In an oxygen atmosphere, ignition of the two cobalt based 
alloys occurred when the metal reached the melting point. 
The rate of destruction of the test section increased with in- 
creasing pressure, with both metals igniting almost explosively 
at the 800 psia level. 

No ignition was observed for Haynes 25 in either carbon 
dioxide or the oxygen-carbon dioxide mixture at 300 psia, tube 
failure occurring due to melting. Multimet N-155 melted in 
the CO, atmosphere, whereas partial destruction occurred in 


the test with the mixture. 


No ignition or burning of the aluminum alloy occurred. 
Grosse and Conway (2) have shown that aluminum will not 
ignite until its temperature is raised above the melting point 
(1800 F). In the present study, evaluation of photo coverage 
showed that the tube melted and severed with no incandes- 
cence or hot spots. The high thermal conductivity allowed 
heat from the melting zone to be quickly dissipated, lowering 
the temperature below its kindling point. 

Results of this study show that copper ignites at a tempera- 
ture slightly below its melting point in a 100% oxygen atmos- 
phere and at a pressure of 300 psia, resulting in the destruction 
of approximately 70% of the test specimen. Ignition of 
copper may be related to the condition of the oxide film and 
consequently dependent on the test conditions. 

The results indicate that in an oxygen atmosphere, ignition 
of titanium will take place when the metal temperature ex- 
ceeds 1500 F. In a carbon dioxide atmosphere, ignition was 
found to occur at a temperature 250 F below the melting point. 
It is reported (8 and 9) that titanium will react with carbon 
dioxide and form titanium dioxide and carbon monoxide. 
This reaction will occur at a temperature of 1650 F. Reynolds 
(4) also reports a wide range of temperatures wherein titanium 
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These results indicate that ignition of titanium 


may ignite. 
is also dependent upon the condition of the oxide film and 
consequently upon the particular testing technique employed. 
Of all the metals tested, titanium proved to be the most re- 
active metal at elevated temperatures regardless of the com- 


Conclusions 


The results of this investigation are graphically summarized 
in Fig. 8, in which the effect of gas composition at a constant 
pressure is shown, and in Fig. 9, in which the effect of pressure 
upon tubes in an oxygen atmosphere is noted. The following 
general conclusions are indicated. 

The ignition of stainless steels (containing nickel) occurred 
within the melting point ranges of the alloys during tests in an 
oxygen atmosphere. Steel alloys, with no nickel content ig- 
nited at temperatures below their melting points. The rates 
of burning and destruction of the test sections increased with 
increasing oxygen concentrations. 

Most of the nickel based alloys did not ignite until the 
melting point was reached. Nickel A did not ignite in oxygen, 
and, whereas ignition was noted for the other alloys at ele- 
vated pressures, the rate of burning of Nickel A was generally 
less severe than that observed for the ferrous based alloys. 

Cobalt based alloys ignited at temperatures within their 
melting point range. The rates of burning were similar to 
those of the iron based alloys; however, the resulting damage 
to the test sections was less severe. 
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Ignition did not occur with the aluminum alloy studied. — 
A copper test section ignited when tested in oxygen at the 
300 psia pressure level. Titanium was the most reactive of 
all the metals tested, and was the only metal which ignited in 
an atmosphere of carbon dioxide. 

From these test results it is concluded that stainless steels 
with a high nickel content are the most suitable material for 
the manufacture of such items as rocket engine combustion 
chambers. This metal is especially adaptable where high 
temperature environment plus resistance to oxidation reac- 
tions are major controlling factors. vom k 
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GeopeTic applications of artificial Earth satellites 

have been widely acknowledged since the onset of the 
International Geophy sical Year when satellites were first 
seriously considered as geophysical tools. Yet, virtually no 
_ improved positional data of significance have been reported 
even at this date. Geodesists and other geophy sicists did 
a not fully appreciate the difficulties involved in using the 
artificial Earth satellite to improve the positions of the observ- 
ing stations. Nor did they fully anticipate, on the other 
hand, the remarkable sensitivity of the artificial satellite 
as a tool for studying the gravity field of Earth. The rea- 
_ son for this disparity is that some gravity effects are accumu- 
lated over a number of revolutions in the form of anomalous 
orbital motions, whereas positional errors of the observing 
stations are difficult to distinguish from errors of the same 
order in the satellite observations themselves. Geodetic 
: satellite applications thus have proceeded only slowly be- 
cause the first few years of direct investigation of near space 
have brought to light a surprising complexity of nonconser- 
vative forces and irregularities in the potential fields in 
what have been generally thought of as empty, cold, and 
above all, simple space. However, enough has been learned 
in the last few years about this not-so-simple environment to 
once again warrant optimism concerning the improvement of 
station positions by a carefully conceived geodetic satellite 
system. It is the optimum design and application of such a 
system that is the subject of this paper. 


_ General Survey of the Problem 


From the foregoing, it is clear that improved station 
positions have not been a byproduct of general satellite 
tracking programs up to the present. Special efforts evi- 
dently are necessary in order to use an artificial Earth satel- 
lite as a precise geodetic tool. The problem, thus, is one of 
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_ An accurate satellite positioning system appropriate for geodetic applications is described. 
Observations could be made primarily by radar ranging, or possibly, by Doppler techniques. A flash- 
ing strobe light designed to be used in conjunction with existing Baker-Nunn and ballistic cameras 
might also be carried, particularly to provide an independent check of the electronic measurem «nts, 
A 500 mile perigee height and low eccentricity orbit for the satellite is suggested. Higher satc|lite 
altitudes serve only to degraduate observational accuracy. Irregular fluctuations in drag are be- 
lieved to be sufficiently small at that height to permit accurate interpolation along the orbit ‘rom 
obseivalions on one datum to those of another, unrelated datum. Gravitational perturbations 
become more important as the desired accuracy of the orbital interpolation increases; howcver, 
it is felt that such perturbations can be determined—and hence removed—by special analyses of 
observations of the geodetic satellite itself. 


optimization of observation parameters and of the observ- 
ing stations. Stating the problem in this form seems, at 
first glance, to raise more questions than it answers. ‘‘Ob- 
servation parameters” is a pleasant sounding cover-up for 
unruly questions concerning the accuracy and frequency of 
observations, concerning station locations, and concerning 
what ground-based and satellite-borne equipment should be 
used. This last question alone opens up many possible ob- 
serving schemes because each of the three position coordinates 
and the three velocity coordinates of the satellite (with 
respect to the observer) can be measured both electronically 
and optically with varying degrees of success. 

It is probable that only stellar photographic techniques for 
absolute angle measurement, radar ranging for distances, 
and radial velocity measurements by Doppler frequency 
shift at radio frequencies offer much hope of sufficient pre- 
cision for use with a geodetic satellite in the immediate future. 
Yet, there is little general agreement as to (a) the optimum 
balance of optical and radar measurements, (b) the relative 
merits of C. W. and pulse radar systems of precise ranging, 
and (c) the usefulness of presently developed Doppler radial 
velocity systems for use with a geodetic satellite. 

The situation regarding the optimum orbital parameters 
is also clouded. Some geodesists wish to use a satellite in 
an intervisible mode; i.e., in a simple extrapolation of the 
method of flare triangulation so that the satellite is simul- 
taneously observed from a group of observation stations as 
illustrated in Fig. 1. Such simultaneous observations lead 
to a determination of relative orientation and position of the 
observing stations independent of any assumptions regarding 
either orbital theory or the nature of Earth’s gravity field. 
Other geodesists feel that greater precision can be obtained by 
observing the satellite under the most favorable geometrical 
circumstances and relying on the orbit as an interpolation 
device from one set of observations to another, noninter- 
visible, set as illustrated in Fig. 1. Inasmuch as the two 
methods are incompatible in any one particular orbit, a 
choice must be made if that satellite is to be of optimum 
use in either method. Less controversy has arisen regarding 
the optimum inclination angle, but suggestions have ranged 


from 50-90 deg. 
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The problem of optimization of observations and orbital geodetic axes are held parallel to the geocentric set with high 


parameters to improve station coordinates thus leads to a precision by frequent astronomical determination of the geo- 
myriad of possible solutions without order or consistency. centric direction of the local vertical. But the initially 
It is evident that some ground rules are needed if practical assumed geodetic coordinates co, Ago of the datum differ 
recommendations are going to be formulated on how to ob- from the true geocentric coordinates ¢, \ of that same point 7 
tain geodetic data from satellite observations. Such ground by some small but uncertain amount, because the centers of 
rules are readily obtained from careful analysis of the geodetic the geodetic and geocentric ellipsoids are not coincident. 
objectives of a geodetic satellite. This is the procedure to Accordingly, two small displacements RAgeo and RAX«¢o, 
be followed in the present paper, after a brief discussion of plus a small correction, AAg, to the reference azimuth are 


sufficient to bring the set of geodetic coordinates ¢¢, Xe 
of the control points into complete agreement with the set of 
geocentric values ¢, A of the same set of points, assuming the 


geodetic coordinate systems and their accuracies. : 


The ¢ tic Problem and Associated Coordinate 
By The Geode same eccentricity e is used for the geocentric ellipsoid. 
Systems Only two of the three position coordinates of the points 
on a datum are defined by ¢¢ and Ag, however, and for 
Gevdesy traditionally has been concerned with the precise that reason a datum is not a complete coordinate system 
position of control points located on the surface of Earth. A ed coded: rae i H is required for sls point 
ed. These are the building blocks from which the scientifically before we mhy properly speak of a complete geodetic co- 
sh- significant quantities, size, shape, and gravity field of 
ras Earth. are derived. Ideally, such control points would be 2 The leveled 
ts, ference ati svste xX > 
tee refe sian (X, 2), equipotential surface corresponding to mean sea level. But 
+ ith surface. The slope of the geoid with respect to a datum is 
~ another lying in the zero longitude meridian plane.’ Such of the local vertical at stations ¢c, \¢ with the computed 
er, systems ¢ rale ‘ms > geOCe ate 
of equivale the coordin direction of the normal to the reference ellipsoid at those sta- 
tions. The resulting map of the height Ng of the geoid above 
§ ace S ( Ss ce > as ar . . 
the reference ellipsoid is obtained by integration of the slope 
Consequently, two major departures from the geocentric values. However, inasmuch as this map is based on normals 
soordinate system have bee ecessarily i ced i 
— system ha — 2 arily introduced in to the reference ellipsoid rather than to the geocentric one, 
there are systematic differences of the set Ng as compared to 
: stations are adjusted, ideally, with reference to a fixed initial lation RAgco, RAXGo which brings the geodetic pee geocentric 
bg an ial reference azimuth Ago. et us 
all normals into coincidence. Also, AAgo, the correction to the 
of A alli initial astronomic azimuth, is obtained directly once the true 
ig semimajor axis and Sattenin is used as a pees clean — longitude has been obtained. Consequently, only 
1 ti k 2 a third simple translation AR of the entire geoid along the nor- 
mode! for reduction 1e planar measurements to a 
mal Ago is necessary to complete the transformation of 
curvilinear system. The resulting geodetic coordinates geodetic coordinates into the geocentric system 
h c, \« of the control points are thus referenced to a geodetic Thus, a set of geodetic positions ¢¢, Xe referenced to a 
datum and serve to specify which particular normal of the positions 
The geodetic datum, plus leveled heights h and computed geoid 
: Ps heights Ng, can be viewed as a particular ellipsoidal co- 
. * For the excellent discussion of terrestrial coordinate systems ordinate system which differs from a geocentric ellipsoidal 
. and problems of three-dimensional geodesy, see Veis (1). system, of the same assumed a and e, by three small displace- 
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Fig. 1 Orbital and intervisible modes of geodetic satellite operation 
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ments RAdgg,, RAXg,, AR.* In terms of geocentric spheri- 
cal coordinates (p, ¥, A), each of the displacement compo- 
nents Ap, pAy, pAd probably does not exeeed 500 ft for 
the major datums such as North American and European. 
In addition to these systematic errors with respect to the 
geocentric coordinate system, major triangulation systems 
are subject to random errors reputedly of the order of one 
part to one half part in 10° in length for distances of 125 to 
1000 miles. See Simmons(2)°. 

For stations not referred to one of the major datums, the 
uncertainty in geocentric position increases rapidly to the 
limiting cases of isolated islands, the Antarctic, or other 
remote areas where an astronomic direction alone is used to 
estimate position in the geocentric system. Errors in ¥ 
and A of perhaps 2000 ft and of 500-1000 ft in p (if a level 
survey is not available) are possible under such circum- 
stances. 


Criteria for Optimum Geodetic Use of an Artificial 
Earth Satellite 


Fig. 2 shows the approximate first-order triangulation 
coverage in the world today. A most significant feature to a 
group such as this one is the relatively small proportion of the 

‘arth’s surface covered by first order triangulation systems 
where it is presently possible to estimate the geocentric posi- 


‘ Rotational terms in the transformation equations can be ex- 
pected to be generally of less significance than the random survey- 
ing errors because of the high degree of parallelism of the geodetic 
and geocentric axes. 

5 Numbers in parentheses indicate References at end of paper. 


tion even approximately. Yet, all orbital motion of satel- 
lites and rockets is inherently referenced to the geocentric 
system rather than to one of the local ellipsoidal systems. 
Furthermore, most requirements for very precise positions 
on the surface of Earth now are associated with functions off 
the surface of Earth. Consequently, the station locations 
must be in geocentric coordinates in order to be compatible. 
This kind of analysis leads to some simple but extremely 
important ground rules regarding satellite geodesy. First, 
the objective of any geodetic satellite program should be to 
obtain maximum accuracy of station positions in a geocentric 
coordinate system. It should be noted that the notion of 
positional accuracy itself should be consistent with geocentric 
coordinates. If oy? is the variance in length units of a sta- 
tion location p on the surface of Earth, then 7 


(Cartesian geocentric) 

(spherical geocentric) 
(ellipsoidal geocentric or 
“geographic’’) 


= of +0,2+ 
= or? + Rod? + Ror 


This notion of positional error differs substantially from that 
commonly used in geodesy which only involves the relative 
error in distance or angle between two points usually ref- 
erenced to the same datum. Consequently, our first criteria 
is simply to minimize o,°. 

Next, we must make some statement about the number of 
stations to be located (or improved) in geocentric coordinates. 
Considering the number of stations independently of their 
distribution, it is obvious we wish to have a maximum num- 
ber of stations. But the distribution of stations is quite im- 
portant. One rough guide is that distribution should some- 
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what parallel present density of triangulation or some other 
crude measure of eventual need for accurate positional in- 
formation. However, a number of other minimal conditions 
should be considered also. All datums, however small or 
inaccurate, should have at least one good observation station 
oecupicd therein—better, at least three separated sites to pro- 
vide for a complete adjustment and, ideally, several tens of 
such sites for redundancy. Isolated islands should be oc- 
cupied at least once. All localities where precise tracking 
equipment of any kind is now located or is expected to be 
located should be occupied during the useful life of a geodetic 
satellite. Finally, at least one observation should be made 
in each: 5 x 5 deg area of Earth’s land surface and, depending 
on the xvailability of islands, over the ocean surface as well. 
Wher feasible, the mesh size should be decreased to 1 x 
| deg. The primary value of the 5 x 5 deg and 1 x 1 deg 
stations is that the geocentric positions, along with the leveled 
heights of those stations, permit the geoid to be positioned in 
geocelitric coordinates on a world-wide basis independently 
of, or in conjunction with, gravity and astrogeodetic data. 
The value of such geoid determination increases particularly 
as the observational accuracy approaches 100 ft or better. 

Before summarizing the ground rules just outlined, an 
obvious simplification can be made regarding distribution 
and priority. There is no need, of course, to remeasure any 
significant fraction of the stations already tied into a datum 
in order to obtain geocentric positions of an accuracy not in 
excess of the internal accuracy of the datum. Three sepa- 
rated observations are sufficient to determine the three (3) 
components of a displacement vector such as to bring the 
local geodetic system into the geocentric one. Certainly, 
consi(ierable redundancy is desirable in addition. But, it is 
clear that relatively few observation stations—e.g., 30 on a 
major datum—will improve the geocentric positions of 
thousands of control points already tied into that datum. 
Hence, the priority of about 30 such stations repeated per- 
haps ten times each is a maximum. Conversely, a much 
greater number of stations leading to observations of about 
the same aceuracy as that of the datum itself probably 
will not be of great value because the basic inaccuracy of the 
triangulation itself will prevent indefinite increase of ac- 
curacy .6 

Now let us summarize the criteria for the optimum geodetic 
use of a satellite: 

; 1 Minimize o,? the absolute geocentric variance. 

2 Maximize the total number of stations, but subject to 
the following conditions: 

(a) Highest priority be given to about 300 observations 
from 30 distributed stations each on North American datum, 
European datum, Tokyo datum, and Indian datum. 

(b) Seeond priority be given to other datums in South 
America, Asia, Australia, and New Zealand, and various 
other isolated datums. 

(c) Third priority be given to all precise tracking station 
locations, existing or planned, not included in (a) or (b). 

(d) Fourth priority be given to isolated island groups 
not included in above. 

(e) Fifth priority be given to the 5 x 5 deg areas not 
included in above. 

(f) Sixth priority be given to 1 x 1 deg areas not included 
in above and easily accessible. 

It should be noted that since the number of stations re- 
quired increases rapidly from (a) to (f), the final observational 
program must be based on a careful cost-time priority study 
if maximum effectiveness is to be made of the unavoidably 
costly field observation programs. 


Observation Techniques 


Now let us return to the problems of nominal system ac- 
° Except for the siete of new , Superaccurate baselines being 
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curacy, observing station distribution, frequency of obser- 
vations, and other questions involving observation param- 
eters. Inasmuch as the major datums have highest priority 
for location of observing stations, and already are the most 
accurately located in geocentric coordinates, the criterion 
for the minimum improvement of o, by a geodetic satellite 
system is simply that it improve the average oy, op, of the 
major datums. An estimate’ of the very worst value of o, 
at present for the major datums might be 800 ft, but 500 
ft is a more likely, but still pessimistic, estimate. Accord- 
ingly, the expected o, of an average observing station must 
be significantly less than 500 ft for a particular geodetic 
satellite system to be of any real interest. Just how much 
less is a problem of degree, but I would recommend the 
value of o, = 200 ft as the absolute minimum accuracy 
criterion for any satellite system which is designed primarily 
for geodetic purposes. This is about the largest value of o, 
which can reasonably be expected to result in statistically 
significant corrections to the presently inferred geocentric 
positions of observing stations located on major datums. If 
the expected oa, is to be between 200 and 500 ft, the proba- 
bility becomes considerable that such a geodetic satellite sys- 
tem would be unable to detect errors in the presently pre- 
sumed geocentric positions of those observing stations. The 
upper limit to the desired accuracy of a geodetic satellite 
system has less immediate significance, of course, because the 
lower limit itself will require the use of only the most precise 
observation equipment presently available. It is worth- 
while to note, however, that if a o, less than about 20 ft were 
desired, serious difficulties would arise with regard to existing 
baseline accuracy. Consequently, the accuracy requirement 
for a geodetic satellite system should be that the o, of the 
observing stations will be reduced to between 200 and 20 ft. 
These numbers correspond to about 107° and 10~* Earth 
radii respectively. 

The required system accuracy is thus 200 ft > o, > 20 
ft. The required accuracy of individual observations is not 
completely specified by o, because the orbit must be con- 
sidered also in a complete error analysis. For the moment, 
however, it is perhaps reasonable to say that the systematic® 
component of observation error Fs in a typical case certainly 
must be no larger than o,/2. If ten good observations 
are considered to be a typical number to be acquired in 
practice at a single site, then the random’ component Ee 
will be reduced by about 1/3. Crudely then, we can conclude 
that, as a minimum condition 

Es + Ep os Op 

For the worst case, ¢, = 200 ft, this admittedly crude approach 
suggests a maximum value of Ep of 300 ft in a 
with a value of Hs of 100 ft. The design value of Fp in = 
practice probably ought to be more on the order of 50 ft 
because (a) this entire analysis has been based on the worst — 
case, and (b) much of the contribution to Hs cannot be = 

easily reduced in practice since it is related to the station 
errors themselves. 

The only completely proved observation system capable — 
of meeting such an accuracy requirement for, say, a satellite | 
at 1000 n mi slant range and arbitrary elevation angle is the 
ballistic camera system, of the type developed for precise | 
missile tracking, used in conjunction with a powerful strobe 
light package in the satellite. Brown (3,4) describes the 
impressive data reduction and error analysis of ballistic 


7 All estimates of ¢» must necessarily be based primarily on in-— 
direct methods since there are no continuous land bridges around ~ 
the world. 

8 “Svstematic’’ error here refers to the component of total error 7 
which is highly correlated for that station from satellite pass to — 
satellite pass. Systematic errors as defined here stem primarily — 
from initial station errors themselves. 

9 “Random” error refers to that component of the error which 
is uncorrelated from pass to pass. All observations on a single 
pass are assumed to be reduced to a single one by some reasonable 
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camera data as presently carried out at the Atlantic Missile 
Range. Errors in a’ and 4’, the apparent right ascension 
and declination of a flashing light source, of the order of 2- 
4 sec can be expected with present systems. Much of this 
error is random, due to plate reading error and the effects 
of “seeing,” and is reduced 2-4 fold by redundant images. 
Accordingly, an accuracy of 2 sec of are (1:100,000) for two 
of the necessary three position coordinates of a satellite can 
reasonably be expected from a single ballistic camera system. 
The time of the observation is also acquired with the neces- 
sity accuracy by the ballistic camera system, and the systems 
are completely mobile. Several dozen suitable ballistic 
cameras are now in use or will be so shortly, including 36 in.— 
40 in. focal length aerial cameras lens systems which have 
been modified both by Air Foree Cambridge Research Labora- 
tories and Goddard Space Flight Center to perform in the 
ballistic camera mode with perhaps twice the accuracy men- 
tioned above. 

The Baker-Nunn satellite tracking cameras are probably 
capable of 2-4’ accuracy also, but, to date, have not been 
used with adequate sources, time recording equipment, or 
time synchronization equipment to accumulate any substan- 
tial number of satellite observations of such precision. It 
seems reasonable to suppose that within two years or so the 
existing and planned Baker-Nunn tracking stations could 
provide observations of 2-4’’ accuracy and of error dis- 
tribution similar to that of the ballistic camera systems. 
There will probably be about 18 well distributed stations in 
operation. 

Finally, some astronomical telescopes appear to be capable 
of 0.5-1.0 sec accuracy, when used with a flashing light source, 
but such accuracy has not yet been demonstrated. As with 
the Baker-Nunn cameras, no provision exists at present for 
precise timing of the flash. Also, the relatively small field 
of astronomical telescopes restricts the number of redundant 
flashes recorded on a single plate, and thus cancels to some 
extent the benefits of the lower random error generated during 
measurement of plate coordinates. In summary, then, there 
are at present some stellar photography equipments capable 
of providing 2 sec accuracy of e’ and 6’. Within a short time 
substantial numbers of both mobile and fixed stations capable 
of this accuracy on a routine basis will exist, as well as per- 
haps a few stations capable of 1 sec accuracy. The 2 sec 
accuracy figure corresponds to 60 ft at 1000 n mi and hence 
is roughtly consistent at that range with the desired Ex. 

There are, however, serious limitations associated with the 
use of optical positioning equipment with a geodetic satellite. 
First, the angular error corresponds to a linearly increasing 
amount of error in actual satellite position as the slant range is 
increased. Two seconds of are at 5000 n mi slant range cor- 
respond to 300 ft—the upper limit for random error accord- 
ing to the previous analysis. Secondly, the accuracy and 
availability of observations begins to fall off below 20 deg 
elevation angle, rapidly below 10 deg. This loss of accuracy 
is mainly due to nonlinear atmospheric distortion coupled with 
the reduced number and inferior distribution of useful stellar 
images in the vicinity of the unknown image. Also, horizon 
visibility in all directions is rarely achieved at field observing 
sites. Thirdly, and most serious, is that optical observations 
are restricted to nontwilight night-time periods, and to periods 
of good to excellent visibility. Assuming an average of 45% 
useful darkness per day and 50% adequate visibility (rather 
optimistic for many places in the world), less than 14 of the 
satellite passes theoretically visible at a typical station could 
be utilized. If simultaneous observations from two or more 
widely separated optical stations are desired, the likely num- 
ber per month of successful intervisible optical observations 
becomes small indeed. Such considerations raise the spector 
of exorbitant ground station costs per useful observation. 
The exceedingly important notion of efficiency of a geodetic 
satellite system is thus encountered. It is clear that the cost 
per useful observation should be a minimum. In the case 


928 


of mobile stations, this means that the rate of collection of 


a 
useful observations must be maximized. In practice, obser- a 
vations from permanent stations often will be available only at a 
particular times due either to orbital characteristics or to con- V 
flicting demands on the station equipment (i.e., astronorical I 
telescopes). Accordingly, it will be desirable to maximize t 
those observations during a particular time interval. Thus, it b 
is generally true that the efficiency of both mobile and per- 
manent observing stations is increased by maximiziny the ( 
rate of collection of observations. 

For this reason, precision radar ranging technique-, as 
discussed in (5), for example, despite their presently inade- u 
quately demonstrated accuracy and reliability for sat: llite ti 
applications, are of paramount interest in any geodetic =::tel- 0 
lite program. The nearly all-weather capability of a : idar t 
ranging system leads to an inherently more efficient grund t 
observing program than any optical system by a fact«r of t 
3 or 4—much more in some cases. The main pr: sent t 
drawback to the use of precision radar ranging, either ( W. 
or pulse, is that, despite manufacturer claims of accu: cy, 
there appears to be little experimental data, which has ‘een 
collected under controlled conditions, pertaining to racing 
accuracy at microwave frequencies for a target abov« the 
ionisphere. Extrapolations of low altitude short-range test 
data strongly suggest that 50 ft or less range errors mig!:t be 
obtainable over a considerable variety of slant ranges. as- 
suming sufficient transponder output power in the satellite.® 1 
For this reason it seems reasonable to consider radar ranging 0 
observations to be of at least equal importance as optical t 
for any truly geodetic satellite launched, say, two years or 0 
more hence. By such time, properly controlled tests of il 
accuracy will have been carried out, and transponders and n 
other satellite components can be expected to be demonstra- 0 
tedly reliable for use in a geodetic satellite. d 

Let us summarize the error dependence of the stellar pho- 5 
tography and radar ranging techniques for positioning a cl 
geodetic satellite: el 

1 Accuracy decreases with increasing slant range. For a b 
fixed optical frequency or microwave power output from the 7 
satellite, the accuracy may fall off somewhat worse than 0 
linearly with increasing slant range for the radar case beyond Dp 
some nominal short range, whereas optical accuracy can be ti 
considered to be more closely linear in range dependence. 0 

2 Accuracy decreases with decreasing elevation angle, 
particularly below 10 deg. n 

These conclusions lead immediately to two more which are te 
of great significance with regard to the choice of an optimum n 
orbit: 

1 Minimize the average slant range and the variability of e 
slant ranges of the useful observations of all the stations. ti 

2 Avoid low elevation angles; i.e., certainly below 10 deg. 0 

Before proceeding on to a consideration of the choice of an it 
orbit, it is useful to note the advantages of simultaneous a 
radar range and stellar photographic observations. Inasmuch li 
as the error in range lies along the range line whereas the ¥ 
angular errors are normal to it, simultaneously range and f 
angle observations could be adjusted statistically to achieve an d 
accuracy greater by a factor of 2 or moére than the separate e 
components of position. Similarly, if independent radial ‘ 
velocity measurements of geodetic accuracy were also acquired . 
simultaneously, even greater control can be exercised on the ‘ 

® The situation regarding variable slant ranges with a fixed power 
output may be somewhat worse in the ranging case compare¢ E 
to the optical because the signal to noise ratio is apparently more 
marginal even under nominal circumstances. It is difficult to 0 
justify this assertion rigorously, but all the material available to a 
this author regarding proposed geodetic accuracy of ranging svs- ci 
tems has indicated that power available in the satellite, and hence n 
power output from the satellite, is the limiting technical factor. r 
Hence the signal to noise ratio will, in fact, be marginal on the long a 
side of the optimum design range. In practice, then, accuracy a 
may well fall off as badly or worse than in the optical case if the tl 
slant range is substantially increased above the design range. h 
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accuracy of the estimated satellite positions. Such an 
adjustment could be particularly enhanced by taking into 
account certain known dynamical relationships between 
velocity and position as described by Murray and Lees (6). 
In all cases, however, the component accuracies must be of 
the same order of magnitude for there to be any significant 


benefit through simultaneous adjustment. 
We are now in a position to consider the optimum orbit for 
use in the intervisible method or in the orbital method, and 
to determine the relative merits of each. The two primary 
objectives of a geodetic satellite system, to minimize o,? and 
to maximize the number of stations subject to certain dis- 
tribution conditions, generate four specific rules which dic- 
tate clearly the proper orbit regardless of the mode of observa- 
tion. The rules are: 


Orbit Considerations 


(a\ Maximize the rate of obtaining useful observations per 
station. 

(b\ Minimize the average slant range of each useful obser- 
vation. 

(c) Minimize the variability of these slant ranges. 

(d) Avoid low elevation angles, particularly below 10 
deg. 


The orbital method will be considered first. Two variations 
of this method may be used. In the short arc” approach, 
two sets of observations of the satellite from disconnected 
observing sites (i.e., two discontinuous datums) separated 
in time by perhaps half a revolution or less are to be con- 
nected. The instantaneous orbital elements referenced to an 
osculating, perturbed ellipse are to be used as an accurate 
description of the exact path of the satellite between the two 
sets of observations. These instantaneous orbital elements 
could, for example, be obtained by smoothing the orbital 
elements of the satellite for, say, several days or weeks 
before and after the particular observation times in question. 
The path of the satellite connecting the stations would be 
obtained by numerical integration over the 15-60 min 
period in question. Corrections to station coordinates ob- 
tained in this manner should generally be as accurate as the 
observations themselves. 

The interim or definitive orbit approach is simply, as the 
name suggests, to compute such an orbit carrying corrections 
to station coordinates as unknowns to be determined through 
minimization of the residuals. This method takes into ac- 
count much more information in arriving at the station 
corrections and consequently potentially can supply correc- 
tions to an accuracy substantially greater than that of the 
observations themselves. Systematic observational errors, 
in the sense defined in this paper, represent the limit to the 
accuracy obtainable. Considering the orbital method in the 
light of rule (a) above, the interim or definitive orbit approach 
would be preferred because every observation of the satellite 
from every station makes its maximum contribution to the 
determination of corrections to the station coordinates. For 
example, a few good observations from Antarctica 
collected over several months could lead to corrected station 
coordinates there in an interim orbit even if no other stations 
observed the satellite during each of those particular revolu- 


The short period effects of the longitudinal variations in 
Earth’s gravity field are not so well known at present for either 
method to be unambiguously applied. However, the work of 
O’Keefe and Batchlor (7), Musen (8), Izsak (9), Kaula (10), 
and Lees and Murray (11) indicate that some tesseral harmonics 
can be determined from satellite observations produced by the 
more accurate tracking systems already in use. Accordingly it is 
reasonable to suppose that by the time geodetic satellite data are 
actually to be reduced, the effects of the tesseral harmonics will be 
adequately known and can be taken into account. In any case, 
the geodetic satellite observations themselves will yield tesseral 
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tions. In regard to (b) the consequence is clear: minimize 
the average satellite height, regardless of which variation 
of the orbital method is to be used. 

The lower limit of the height is primarily determined by the 
accuracy of the dynamic model used to describe the satellite 
motion. The irregular departures of drag from the model 
become increasingly difficult to handle below about 300- 
400 statute miles height of perigee. In this regard, some 
unpublished computations carried out at the National Space 
Surveillance and Control Center (Formerly Project Space- 
track) are of interest. The satellite Vanguard I, with perigee 
height of about 400 miles and apogee height of about 2500 
miles, was considered roughly comparable to a future geodetic 
satellite in regard to drag fluctuations. Mean values of P, 
the rate of change of the period, have been tabulated (12). 
Typical values were selected and the equivalent displacements 
along the orbit computed. These displacements amount to 
only 3 to 4 m per revolution. As a check, the same satel- 
lite orbit was simulated on a large electronic computer by 
a numerical integration technique. The simulation was 
made first with no drag included, and then with a drag model 
based on the 1959 ARDC model atmosphere. The differences 
between the two simulations amounted to 3-10 m per rev- 
olution along the orbit and constitute an excellent check of the 
inductive approach. Accordingly, itis quite probable that the 
total drag effect on the Vanguard I satellite is not greater 
than 10 m_ per revolution and probably less than 5. 
Furthermore, that satellite has a very poor ratio of mass to 
surface area. A geodetic satellite would have a ratio 5-10 
times as large. Finally, even a crude correction for average 
drag would reduce the error displacements substantially. 
It appears, therefore, safe to presume that for an orbit similar 
to that of Vanguard I the error would be less than one meter 
per revolution in the short are method, and virtually negligible 
in the interim orbit approach. Even if unusual variations 
in the drag were to be encountered in a manner somehow neg- 
lected by the preceding analysis, these variations would have 
to be several orders of magnitude larger than the average rate 
of observations of the satellite by all stations, in order to in- 
troduce serious difficulties. 

Thus a 400-mi perigee height appears to be quite safe for use 
in the orbital method; certainly there can be no question 
about a 500-mi perigee height. Perigee heights much below 
400 miles require more detailed analysis, but probably would 
not be of interest even if the drag could be handled because 
the number of observations per revolution begins to be too 
few for efficient utilization of the ground stations. Accord- 
ingly, an optimum perigee height of 400-500 miles is indicated 
if the satellite is to be used in the orbital mode. 

Rule (c), minimize the variability of the slant ranges, 
indicates that the orbit should be of low eccentricity. An 
apogee height of 500-700 statute miles might thus be indicated 
for optimum application of the orbital method. Rule 
(d), avoid low elevation angles, is equivalent to (b) for the 
orbital method. 

The optimum orbit for the intervisible method is radically 
different. The primary requirement is that the satellite 
should be high enough during part of its orbit, so that the 
longer ties of 3000 to 4000 statute miles in length can be 
accomplished and yet also be low enough at other times to 
provide favorable geometry for shorter ties. An eccentric 
orbit is thus indicated. Fig. 3 is an approximate diagram! 
to demonstrate the problem. Using 20 deg as the desired 
elevation angle, for both atmospheric and geometrical reasons, 
it can be seen that the required satellite heights for ties of 
2000, 3000, and 4000 mile distances are about 550, 850, and 
1700 miles respectively. However, these heights only refer to a 
crossing at the exact center of tie. If, for example, one third 
of the passes over that tie are to be potentially useful and the 

elevation angle at one end is held fixed at 20 deg, whereas 


11 Based on Ref. (11). ; 
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that at the other end is allowed to vary from about 5 to 30 
deg, then the required satellite heights vary from about 300 
to 3200 statute miles. Accordingly, a perigee height of 300— 
400 statute miles and an apogee height of 2500-3500 statute 
miles might be suggested on this basis. Also, it is quite im- 
portant that the perigee precess rapidly in the orbital plane 
in order that the full spectrum of satellite heights be available 
often throughout the world. 

How does this optimum orbit for the intervisible method 
compare with the orbital method according to the four rules 
derived earlier? Very poorly,indeed! In the orbital method, 
the slant ranges would vary from 400-500 statute miles 
minimum (overhead pass at perigee) to 1500 statute miles 
maximum (700-mi apogee height and 20 deg elevation angle). 
In the intervisible method, on the other hand, the minimum 
slant range would be 700 statute miles (20 deg elevation angle 
with 300-mi perigee height) to a maximum distance in excess 
of 5000 statute miles (20 deg elevation angle with 3000 mi 
apogee height). The average slant range in the orbital case 
would be about 700 statute miles (55 deg elevation angle and 
600 mi average satellite height). The average slant range 
in the intervisible case would be about 2800 miles (20 deg eleva- 
tion angle, 1700-mi average satellite height), and certainly no 
less than 2100 mi (20 deg elevation angle, 1200 statute miles 
average satellite height for selected observations). The 
average slant ranges differ, therefore, by a factor of 3 to 4. 
Observational accuracy would be poorer in the intervisible 
case, for identical ground and satellite equipment, by a factor 
of at least 3 to 4. Itis clear then, that the intervisible method 
suffers greatly by comparison with the desired minimization 
of slant ranges and variability of slant ranges (rules (b) and 
(e)). 

In regard to maximization of the rate of collection of ob- 
servations at each station, the situation is even worse. In 
the orbital method, every pass of the satellite near a station 
presents an opportunity for a useful observation. In the 
intervisible method, on the other hand, only those passes 
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which are simultaneously visible at, at least, two stations on 
each of, at least, two isolated datums can ever be used. On the 
basis of the geometry alone, this constraint reduces enormously 
the number of useful observations per station per unit of time. 
For example, if one-third of all passes across the great circle 
ties to be measured are useful when the satellite is within 
certain altitude limits, and the satellite is within those limits, 
say, one-half of the time (certainly a generous estimate), 
and, further, that 60% of these passes cross any desired 
great circle for a tie from that station to others, only 10% 
of the total number of satellite passes near a station could be 
useful. What is worse, any intercontinental intervisible 
method in the near future would probably have to use optical! 
positioning only.!? Consequently, even if the station under 
consideration is clear, the probability that three other sepa- 
rated stations are also clear (and in the dark night-time) is 
probably something worse than (0.5)*; i.e., about 0.10. 
Therefore, the percentage of useful observations per station 
per unit in the intervisible method could be expected to he of 
the order of 1% of those in the orbital method. 

Finally, the intervisible method has an even more severe 
limitation. It does not directly furnish corrections to geo- 
centric coordinates at all! Only relative positions in geo- 
detic coordinates are obtained. Geocentric coordinates 
can only be obtained by completing great circle links around 
the world, and coordinates obtained this way will be in- 
fluenced by the weakest intervisible tie in the world-wide 
network. 

It must be completely clear, then, that the intervisibie 
method is so inferior in accuracy and efficiency as compared 
to the orbital method that it cannot be seriously considered 
us a means of improving any substantial number of station 
positions. The question then arises, as to what purpose it 
might serve. Its only real advantage is that no reliance is 


12 Because of the _ error propagation characteristic of 
oblique trilateration schemes. 
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placed on an orbital theory.'* Accordingly, it can be viewed 
as a complimentary check of the orbital method—although 
errors in orbital theory would have to be rather large in 
order to be detected by the intervisible method. Also, such 
intervisible ties can be accomplished much more efficiently 
and at least as accurately through the use of the rocket- 
flare triangulation technique. 

The most pertinent conclusions to be drawn from the pre- 
ceding analysis are: 

1 he orbital and intervisible methods are incompatible 
with any single satellite. A clear choice as to the method 
must be made. For instance, an orbit of an average height 
of 1200 statute miles is too low to be of real use in the inter- 
visible method, yet is twice the average height of a completely 
safe orbit for the orbital method. The positions thus deter- 
mine! with the higher satellite would be two to four times less 
accurate than with the lower satellite, the ground and satellite 
equipment being identical in both cases. 

2 The intervisible method is substantially less accurate 
and enormously less efficient than the orbital method. The 
only apparent use for a satellite in the intervisible method 
would be as a check of the orbital method.” 


Conclusions 


1 The objective of a geodetic satellite program should 
simply be to minimize the geocentric variance @,? of a maxi- 
mum number of stations. The priority of stations should be: 
(a) 30 or so stations on each of the major datums, (b) simi- 
larly tor minor datums, (c) present or anticipated tracking 
stations, (d) isolated islands, (e) 5 x 5 deg squares, and (f) 
| x | deg squares as feasible. 

2 The objective value of ¢, should be 200 ft > o, > 20 
ft; i.e., between 107% and 10~* Earth radii. 

3 Ballistic camera systems can provide the required ac- 
curacy now. Other optical systems and precise radar-rang- 
ing systems of adequate accuracy will be available soon. 
Doppler radial velocity measurements are of great value in 
conjunction with position measurements for a geodetic satel- 
lite. 

4 Radar-ranging or, possibly, Doppler radio tracking 
should be the primary observation technique for a geodetic 
satellite, because of its all weather, day and night capability. 


‘'S Because of the development of VLF time synchronization 
techniques (14), the necessary clock accuracy at observing sta- 
tions for the orbital method can be supplied on a routine basis. 

‘Por a kinder appraisal of the intervisible method see (15). 
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Optical measurements would be of additional value if the 
power and weight requirements of the optical package could 
be provided for. 

5 The orbital method should be used with a satellite of 400— 
500 statute mi perigee height, 600-700 mi apogee height. 

6 Any use of a satellite by the intervisible method should 
be justified, if at all, primarily as a check to the orbital 
method—not as a desirable way to use a satellite to improve 


geocentric station coordinates. 


Acknowledgment 


The author has benefited from valuable discussions of the 
geodetic satellite problem with many persons, particularly C. 
Geoffrey Hilton, Donald A. Rice, Alan B. Lees, and Owen 
W. Williams. These people, of course, are not responsible 


for any of the opinions expressed here. 
References 


Veis, G., ‘Geodetic Uses of Artificial Satellites,’’ Smithsonian Contri. 
Astrophys., vol. 3, no. 9, 1960. 

2 Simmons, L.. ‘‘How Accurate is First-Order Surveying?,”’ J. Coast & 
Geodetic Surv., no. 3, April 1950. 

3 Brown, D. C., ‘A Treatment of Analytical Photogrammetry,’’ RCA 
Data Reduction Technical Rep. no. 39. AFMTC, Patric, AFB, Fla., Aug. 
1957. 

4 Brown, D. C., ‘‘Photogrammetric Flare Triangulation,’’ RCA Data 
Reduction Technical Rep. no. 46, AFMTC, Patrick AFB, Fla., Dec. 
1958. 

5 ‘Radar Ranging Equipment for a Geodetic Satellite,’ Systems 
Laboratory Division of Electronic Specialties Co., Los Angeles, Calif., May 3, 
1960. 

6 Murray, B. C. and Lees, A. B., ‘‘An Invariant Property of Satellite 
Motion in a Dissipative Medium,’’ Proceedings of 7th Annual Meeting of 
the American Astronautical Society, Dallas, Tex., Jan. 1961. 

7 O'Keefe, J. A. and Batchlor, C. D., ‘Perturbations of a Close Satel- 
lite by the Equatorial Ellipticity of the Earth,’’ Astron. J., vol. 62, 1957, pp. 
183-185. 

8 Musen, P., ‘‘On the Motion of a Satellite in an Asymmetrical Gravita- 
tional Field,”’ J. Geoph. Res., vol. 65. 1960, pp. 2783-2792. 

9 Izsak, I. G., ‘A Determination of the Earth’s Equator from the 
Motion of Two Satellites,’’ Smith. Inst. Astrophys. Obs., Research in Space 
Science Series, Special Rep. no. 56, 1961, pp. 11-24. 

10 Kaula, W. M., “Estimation of Longitudinal Variations in the Earths’ 
Gravitational Field from Satellite Observations,’’ Proceedings of 7th Annual 
Meeting of the American Astronautical Society, Dallas, Tex., Jan. 1961. 

11 Lees, A. B. and Murray, B. C., ‘‘Special Geophysical Significance of 
Precise Satellite Velocity Observations,’ Abstract to appear in J. Geoph. 
Res., July 1961. 

12 Breggs, R. E., ‘‘A Table of Times of Perigee Passage for Satellite 
1958 Be,’’ Smith. Inst. Astrophy. Obs., Research in Space Science series, 
Special Rep. no. 30, Nov. 1959. 

13. ‘‘The Geodetic Use of Artificial Earth Satellites,’’ Parts I and IT, 
Systems Laboratory Corp., Los Angeles, Calif., Aug. 15, 1959. 

14 ‘‘Time Service Notice No. 7,’’ U. S. Naval Observatory, Washington, 
D. C., June 19, 1959. 

15 Whitney, C. A. and Veis, G., ‘‘A Flashing Satellite for Geodetic 
Studies,’’ Smith Inst. Astrophy. Obs., Research in Space Science Series, 
Special Rep. no. 19, Dee. 1958. 


| 
7 
931 


tions are negligible. 


which are themselves useful. 


ET a AND b stand for the equatorial and polar radii re- 
spectively of the spheroid and let P denote a point with a 
geodetic latitude of u and altitude h. (See Fig. 1.) From P, 


a normal to the ellipse at Q intercepts the semi—major axis OA 
at L making the angle PLA equal to u and PQ equal to - 
Let OQ = R,, OP = R, QL = C, OL = d, angle POA = 

6; 03 is 


angle QOA = yw”, angle OPL = &, and angle OQL = 
the center of the ellipse. 
The eccentricity e of the ellipse is given by 


& b2 


_ To derive an expression for 6, which is the difference be- 
tween the geodetic and geocentric latitudes for points on the 
surface of the spheroid, we write the equation of the ellipse 


whence 


a? tan = 


b? tan [5] 


which can be used in conjunction with Eq. 2 to find 6. How- 
ever, since 6 is small, a more suitable equation is found after 
some reduction from 
oni tan 6 = 


e? sin COS 
1 — e? sin? wp 


(6) 


tan (u — pw”) = 


Received Jan. 16, 1961. 
1 Research Engineer, Flight Analysis Dept. 
* Engineer, Flight Analysis Dept. Member ARS. 


Relating Geodetic Latitude 


and Altitude to Geocentric 
Latitude and Radius: Vector 


E. W. PURCELL’ and 
W. B. COWAN? 


Aeronutronic Diy., Ford Motor Co. 


Newport Beach, Calif. 1 7 


T he. purpose of this paper is to develop a indie method of computing the geocentric latit:ide 
and the radius vector of a vehicle above an oblate Earth from its altitude and geodetic latitude. In 
r addition, a solution to the important converse problem is also shown. An exact solution for an un- 
favorable location is given, confirming that the errors introduced by the recommended approxi?ia- 
Although solutions have appeared previously, the following results are 
simpler, have not adversely compromised the accuracy, and are computed from other quantities 
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Using Eq. 5, one can eliminate p to get 


e? sin e? sin cos cos 
1 — e? cos? 


Since 6 is at most 11.5 min, tan 6 can be replaced by 6 with 
an error of at most 1.3 X 10~* radians which we neglect. We 
then have 


tan 6 = 


e? sin uw” cos 


1 — e? cos? yp” 


_ e? sin cos 
1 — e? sin? yu 


[8] 


These equations in conjunction with Eq. 2 are the basic 
equations relating geodetic and geocentric latitudes for points 
on the surface of Earth. 


From z = R, cos nw” and y = R, sin w” and Eq. 4 


b 


R 
V1 — cos? 


[9] 


Applying the law of sines to triangle OQL yields 


and 
¢= (11) 
sin p 


The law of cosines applied to triangle OPL now yields 
R= Vd? + (c + h)? + 2d(c + h) cos w }12] 


Again the law of sines yields 


= sin“! sin 


which, since 6 and & are always small, can be : approximated hy 


The error introduced by this approximation can be esti- 
mated by using series expansions for sin 6 and sin! z. We 
then get, after dropping terms in 6 of order higher than 
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yea! 
4 
1 
a 
2 
dz ya? a’ tan tan 
- 


p= 


The absolute error in Eq. 14 is now seen to be approximately | 


- (2) 

R 6R 
which has a maximum value of +/3 63/27 at R = ~/3R.. 
Since 6 < 11.5’, we get a maximum error of 1.6 X 10~ radians 
which we neglect. 

If we let OP cut the ellipse at 7, then R,’ is the radius of 
Earth at a geocentric latitude uw’. We shall also let 6’ de- 
note the difference between the geodetic and geocentric lati- 
tudes for point 7. Then 
sin uw’ cos p’ 


6’ = 
1 — e? cos? yu 


and 


| b 
= 17 


It can be shown by the method of differentials that 6 and 
6’ differ by at most 9 X 10-* radians. If we neglect this dif- 
fereice, then 6’ can be used to approximate 6 and conversely. 
Similarly, it can be shown that the maximum difference be- 
tween R, and R,’ is 235 ft; however, we shall derive a simple 
and more accurate relationship between R, and R,’. Re- 
ferring to Eqs. 9 and 17, we have 


R. — e? cos? e* sin (u” + sin (u” — p’) 


1 — e? cos? yw” 1 — e? cos? p” 


Since w’ and y” are nearly equal and since uw” — wu’ = & — 4, 
. . R. 
which is small, we can approximate R.’ by 
R. 
pi VI + 26 [18] 


Eq. 14 and two terms of the binomial expansion yield 


R. 
= | 9 
Approximating R — R, by h in the second term and some Re = Seiten ; ’ 
slight reduction yield sin (6 — &) 


— Re’ = [20] 


Although several approximations have been used in ar- | 
riving at this result, they have all been directed toward the — 
calculation of relatively small error terms. The result in | 
Eq. 20 is thus quite valid. ; > 

The altitude h can be computed from ~~ 


h = Reos — R, cos 6 [21] 
Again since & and 6 are small, two terms of the cosine series _ 
can be used to get = 
h = (R — R.) —1/2(Ri? — 
Eq. 14 now yields Oo 


(1+ 2) [22] 


Using Eq. 20 to eliminate R, from Eq. 22 yields 


ee 


A(2,°) 
+ Fig. 1 Geometry of the latitude problem 


which is adequately approximated by 


h = (R — R,') (1 (23 | 


In addition £ can also be approximated by 


R.’ 


[24] 


since 6’ and R,’ are nearly equal to 6 and R, respectively. 
An interesting approximation to replace Eq. 12 can be 
derived by solving Eq. 22 for R. We get 


R= [25] 


which is accurately written as 


2 


An alternate form for Eq. 14 can be derived from the law of 
sines 


~ Since the angles £ and (6 — &) are small, we can get 


R6 wats 


The reader may also wish to apply the binomial expansion 
to Eqs. 9 and 17 to get 


2 
= 6 + 5 cos? + cos! [28] 


and 


2 
R.’ = b + 5 cos? + cos* [29] 


By use of these relationships, one can now find solutions to 
two important geodetic problems which are summarized 
below. 


Problem 1 


Given altitude h and geodetic latitude u of a vehicle, find 
its radius vector R and geocentric latitude yu”. 
The following equations yield the desired results 


2 
R? 
— 
x 
oO. 
de 
In 
ne 
a- 
re 
| 
h 
| | 
H 
] 
i 
| 
| 
| 
£262 
4 =a : 


2 


Eq. 1 


a2 


36,000,000 ft 
0.7853981635 radians (45 deg) 


The following values were computed using exact equations 
Eq. 8 throughout and carrying the results to ten significant ficures 
1 — sin? at each step. 

= 0.003357947848 radian = 20,890,745.2” ft 


0.001233070051 radian d 99,207.3144 ft 
“4 0.7820402157 radian c = 20,820,477.53 ft 
' = 0.7841650934 radian R = 56,890,670.94 ft 
0.003357965446 radian By 20,890,596. 15 ft 


‘Using Kgs. 1, 8, 2, 28, 27, 26 and 3, we get the following 
solutions to the problem of the first type 


£ = 0,001233070437 radian 
uw’ = 0.7841650931 radian 


The errors are thus: 3 X 107 radian in yp tail 0.50 ft in R, 
Using Eqs. 1, 16, 29, 24, 23 and 3, we get the omeering ilu- 
tion to the problem of the second type 


Eq.3 


Problem 2—The Converse Problem _ 


Given the radius vector R of a vehicle and its geocentric 
latitude yu’, find the altitude and geodetic latitude of this é 0.001233069705 radian 
vehicle. Mm 0.7853981631 radian 

The solution is given by the following equations h = 36,000,000.49 ft 


The errors are seen to be 4 X 10~" radians in pw and (0.19) ft 
inh. These errors are considered to be negligible. 


€ 

5 Cos® gw! +! 9 Eq. 29 the results in general are very good and will usually show rela- 
tive errors less than those indicated by the above example. 
The reader will readily find from the above results several still 
simpler (but less accurate) formulas which may well be ade- 


quate for his applications. 


,2 Although many of the above equations are approximations, 
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A Div. of General Dynamics Corp. 
Fort Worth, Tex. 
R, 
: A complete analysis of rocket boost trajectory optimizations is presented to illustrate some of 
the advantages resulting from use of the indirect methods of the calculus of variations. The method 
devised is intended for boost vehicle evaluations during design studies. Features of the method in- 
. clude provisions to account for the effects of planetary rotation, aerodynamic forces, variable at- 
4 ft _ mosphere and time-variant thrust. Vehicle design or physiological limitations are satisfied by 
_ employing inequality constraints involving the angle of attack. Special end conditions are de- 
veloped for direct calculation of extremals for most rocket boost missions of interest. Computa- 
tional techniques employed to obtain solutions on a high speed digital computer are discussed, with 
_ particular emphasis on convergence of the iteration to find the desired extremal. Numerical 
examples are shown to illustrate the character of extremals for satellite launchings and the minimal 
re sensitivity of extremals to guidance and control errors. 
dle. 
til 
de- URING the past decade an extensive effort has been Equations of Motion _ ; 
devoted to the optimization of aircraft and missile flight a ea - 
paths by employing the indirect methods of the calculus of rhe stated objective of this analysis is to develop a proce- H 
variations, dynamic programming and gradient methods. dure useful for comparative vehicle evaluations in the design 
Of these techniques, the indirect methods of the calculus of study phase. To satisfy this objective and, simultaneously, ’ 
‘a variations have been most popular, as indicated in the elegant achieve reasonable computation times, certain facets of the ; 
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surveys by Miele (1 and 2)4 and Breakwell (3). Kelley (4) 
recently indicated the computational advantages of gradient 
methods over indirect methods. The objective of this paper is 
to demonstrate a practical technique for solving indirect 
variational problems by overcoming some of the computa- 
tional disadvantages that have pli agued previous researchers. 

A fairly formidable problem, involving the optimization of 
most rocket boost vehicle missions of interest, was selected as 
a framework for the demonstration. Simulations employed 
in this problem are sufficiently realistic to serve as a basis for 
making sensible engineering decisions in vehicle design 
studies. Solutions require nominal amounts of high speed 
digital computer time. 

The present analysis represents an extension of a method 
reported previously (5). Principal extensions include incor- 
poration of rotating Earth effects and development of special 
end conditions that permit the direct calculation of extremals 
for specific missions. A discussion of techniques providing 
improved convergence in the iteration to satisfy separated 


analysis are expressly tailored to satisfy the requirements of 
design evaluations. For example, the equations of motion 
used represent the motion of a point mass in the vicinity of a 
spherical, rotating planet. However, since only the gross 
effects of rotation are sought, it is assumed that the rocket 
moves in a great circle plane fixed in inertial space. With this 
approximation, the time history of the trajectory of a high 
thrust, short duration (on the order of 15 min) booster will be 
quite accurate, with the principal effect being a small dis- 
crepancy in initial azimuth to provide the desired inclination 
at burnout. The approximation is justified by reduction in 
computation time since two additional Lagrangian multi- 
pliers, required in a three-dimensional representation, are 
eliminated. 

Orientation of the rocket relative to the planet and the 
force, velocity, and acceleration vectors that exist during 
flight are shown in Fig. 1. Equations of motion used employ 
natural coordinates directed along and normal to the flight 
path 


boundary conditions is included. One numerical example 1] 
presented compares extremals for satellite launchings by two 

rockets having the same total impulse, with different burning j : , 

times. The feasibility of simulating an extremal by practical mt (7  —_ 2w cos i) = Tsna +L — 


guidance and control techniques is shown in another numerical 
example. 


Presented at the ARS 15th Annual Meeting, Washington, 
D. C., Dec. 5-8, 1960. 
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programs. 

* Project Aerodynamics Engineer, Aero Sciences Group. 
‘ Design Specialist, Aero Sciences Group. Member ARS. 
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gmcos y_ [2] 
is used. The Coriolis acceleration component (2wv cos 7) in 


the plane of motion is included in Eq. 2. Transverse Coriolis 
accelerations were excluded. Centrifugal terms of negligible 


In addition. the kinematic relationship 


h = vsin y 


of 
J 
to 
} 
4 
if 
a 
q 
} 


= a represents both the angle of attack and the angle ARROW DENOTE 

thrust, lift, drag, and acceleration of gravity are known at all 
yen of the trajectory and have the following functional 


magnitude have been deleted from the motion equations. 
- Consideration of thrust vector gimballing was also excluded, 


to eliminate an additional dependent variable. Hence, the 


between the thrust and velocity vectors. 


In performing the analysis it is assumed that the mass, POSITIVE DIRECTIONS 


dependence: m = m(t), T = T(h, t), L = Liv, h, a), D = 
Div, h, a), 9 = g(R + h). Lag effects in the action of the 
aerodynamic forces are excluded. The aerodynamic force 


Coe fficients may be discontinuous at staging points. 


Basie Variational Problem 


The basic variational problem considered is the same as 
that discussed previously (5). For the sake of completeness 
and the convenience of restating the problem in the Bolza 
form, the following brief summary is included. 


Euler-Lagrange Equations 
Kgs. 1, 2, and 3, written in the forms ite? bad) 


=h—vsiny = 0 


serve as auxiliary conditions on the variational problem, 
permitting arbitrary variations in the dependent variables v, 
y, h, and a. In addition, the inequality constraint 


gs = Lan — In(0,y,h,a) > 0 m= 12.3.4 [5] 


is introduced to satisfy vehicle design and physiological limita- 

tions. The agent > problem, respectively. Note that the relationship Ay. = 0 
D. must be satisfied in this formulation. A necessary condition 

, l, = —— sin B += < (a+ 6)+ sin (a + B) . for the existence of such a stationary value is that the first 


= ls = ly = Tew(v, h, a) ty—t* 


are the control functions employed to satisfy acceleration, 
loading, stability, and temperature requirements, respectively. 

For the reasons given in (5), the basic variational problem in ua df(r)dr + bx, = 0 
involves maximizing the burnout velocity. Eqs. 4 and 5 are 0 

satisfied and provisions for including an optimal coasting Af batituti h . : d 
stage are included. In terms of a Bolza-type problem (6), it is After substituting the appropriate expressions for éf an 
performing the usual integration by parts, the expression for 
the first variation becomes 


ti 0 


Since the variations 6x; are arbitrary, application of the 
basic lemma of the calculus of variations yields the Euler- 


required to find a stationary value of the integral pnd 7 Lagrange equations 
dl of af 
t* tf —t* or ~ dt oz = 0 k 2, 4 [8] 
= S(t, &)dt + (7, rx, + | 
" ss or, in terms of the physical variables 
r=t—t* [6] 
oG 
where the = 1, 2, 3, 4 represent v, y, A, and a, respec- + + sin y — 
tively, and 
4 or oG 
f(t. xe, dx) = (et, te) + + Az Dy + cos — Ay 
i=1 
Eq. 6, t* represents the time at the end of the coasting ol OG 0 
period, while and ty are the initial and final time for the Oh Oh 
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In Kqs. 9 advantage was taken of the fact that the Euler- 
Lagrange equations are homogeneous in the multipliers \. 
As noted by Cicala and Miele (7), solutions of the equations 
are inclependent of the initial values assigned to one of the 
multipliers. For the present application, \; is the multiplier 
selected, and its initial values are arbitrary. 


Corner Conditions 


Prior to evaluating the transversality terms of Eq. 7, the 
beh: vior of the trajectory at staging points must be estab- 
lished. At such points the thrust and mass of the rocket are 
ordinarily discontinuous. Consequently, the derivatives 6 
and ¥ are also discontinuous across staging points, while the 
functions v, y, h, and h are continuous. The Erdmann- 
Wei-rstrass corner conditions supply the relationships 


where the minus and plus signs indicate functions ev. waluated — 
just prior to and immediately after staging, respectively. 
Consequently, the multipliers \;, 7 = 1, 2, 3 are continuous 
across staging points. 

Both the driving function @ and the multiplier 4, may be 
discontinuous at staging points. It will be demonstrated 
later that discontinuities in a, while physically unrealistic, 
have little effect on solutions obtained for the complete 


trajectory. 


Boundary Conditions 


In all problems considered herein the velocity, path angle, 
and altitude are specified at launch; i.e., the initial conditions 
are 


when = v= Y = Yoh = ho 


For the basic problem of maximizing burnout velocity the 
final values of path angle T and altitude H are specified 


= hy = H [12] 


To define the desired extremal, the transversality condition 
of Eq. 7 must also be satisfied. Since f = 0 on trajectories and 
the initial conditions are fixed by Eq. 11, the transversality 
condition becomes 


when t = ty 


ty—t* 
0 


After employing Eq. 10 and noting that the burning time of 
the stages following the optimum coast period is fixed, the 
transversality condition reduces to 


+ ey + + (My + + 
+ = 0 [13] 


where ¢, is the total coasting time. On an extremal, dv; = 0 
and since the final path angle and altitude are specified by 
Eq. 12, Eq. 13 yields 7. 


@ 


(Aw + Avy + = 0 [14] 


for arbitrary variations in coasting time. ; : 


To find the — yielding maximum burnout velocity, the 
initial conditions, Eq. 11, are combined with guessed values of 
Aoo*, Azo* and ¢, to initiate trajectory calculations involving the 
numerical integration of Eqs. 4, 9 and, if required, 5. The 
guessed parameters are then subjected to iteration until the 
boundary conditions, Eqs. 12 and 14, are satisfied. When ar 
optimum coasting stage is not included in the problem (¢, = 0, 
df- = 0), Eq. 13 is automatically satisfied and the A2.»* and 
Aso* that satisfy Eq. 12 yield the desired extremal. In the 
latter case every trajectory computed is an extremal for the 
burnout conditions achieved. 

An interesting interpretation of Eq. 14 may be achieved by 
noting the effect on extremals of variations in the initial con- 
ditions. As indicated by Breakwell (3), consider two neigh- 
boring optimal trajectories which originate at the points (to, 
Xin) and + + and satisfy the same constraints, 
Eq. 5, and end conditions, Eqs. 12 and 14. From Eq. 7 


k=1 


Now, upon selecting A, so that Ai; = —1, it follows that 
Ov; Ov; Ov; 

0 10 20 30 


[15] 


at arbitrary times within the trajectory. The last of Eqs. 15 
shows that Eq. 14 is equivalent to Ov;/0i, = 0, thus con- 
firming the correctness of Eq. 14 as the end condition for 
optimum coasting time. The significance of the derivative 
properties of the multipliers will be demonstrated later. When 
applied at burnout, these properties define pertinent deriva- 
tives of the “extremal surface,” composed of the points (v,, 
y;, h;), that permit generalization of the basic variational 
problem. 

Applying a similar analysis to (unconstrained) extremals, it 
is possible to derive the relationship 0v;/Oa = 0 in addition 
to those of Eq. 15. This relationship verifies the minimal 
sensitivity of extremals to guidance and control errors. 


Specific Mission Optimizations 


The chosen formulation of the boost problem provides in- 
creased versatility with regard to the direct computation of 
trajectories that satisfy a variety of optimal mission require- 
ments. Ultimate performance capabilities of a given booster 
payload combination are represented by the ‘extremal sur- 
face’’ described previously. Optimal launch requirements for 
several types of missions form lines in the v, y, h-space. Hence, 
by finding the intersection of a “mission line” with the “ex- 
tremal surface’ (assuming such an intersection exists), it is 
possible to write special end conditions for the extremal that 
optimizes the mission considered, while retaining the same 
Euler-Lagrange equations. Derivation of several of the 
special mission end conditions is made possible by the ability 
to formulate analytical expressions for pertinent derivatives of 
the extremal surface. Such end conditions replace those given 
by Eqs. 12. The optimum coasting time condition, Eq. 14, 
may be used in conjunction w ith the particular mission end 
conditions, if desired. 


oF O¢s 
oa 0a 0a | 
) 
rhere 
wh Ve: 
/ = 
| 
i] 
{ 
= 
lo = 
& 1 ‘ 
Furthermore, for unique trajectories 
— = — do = — 
§ 
Ov; 
k=1 ‘ | 
if 
| 
k=1 


Hypersonic Glider Range 


a at A simple extension of the basic variational problem in- 

volves finding the extremal that maximizes the equilibrium 
glide range of a hypersonic glide vehicle. At the initiation 
a of gliding flight (booster burnout), y = 0 and Eq. 2 yields 


v 
cos L — gm cos y = 0 
( + ) + g 
After making some obvious substitutions, the burnout 
boundary conditions for a specified final path angle become 


T= 


2 W feos T cos 2w 
SC. | G(R - +h) gv 


where the equilibrium glide parameter W/SC, is prescribed 
for the given glider in free flight. The extremal in this mission 
option maximizes the energy available for equilibrium flight 
and, consequently, maximizes the glide range for any glider 
lift to drag ratio. 


Extremal Surface Derivatives 


In the subsequent mission optimizations the appropriate 
burnout boundary conditions are derived by employing the 
results of two-body orbits. Therefore, it is necessary to trans- 
form both the burnout conditions and the extremal surface 
derivatives to an inertial reference. The burnout altitude is 
not affected by the transformation. The inertial velocity 0; 
(bars denote inertial-referenced quantities) is given by the 
vectorial sum of the planet-relative velocity vy and the com- 
ponent of the planet’s velocity of rotation 


= (R + hy)w cosi fee: (17] 
Hence, applying the law of cosines 
= v7? + V? + 2v;,V cos yy [18] 


The law of sines is used to derive the expressions 


sin = sin Ys (vecosy, +V) [19] 
f f 


which determine the magnitude and quadrant of the inertial 
path angle. 

Derivatives of the extremal surface may now be trans- 
formed. Consider two neighboring extremals that have the 
same initial conditions and constraints, but different final 
conditions. In this instance, Eq. 7 yields 

bvy = — Ris = [20] 
Now, from Eq. 18 


0,00; = (vy + V cos sin + 
(V + vy; cos ys)w cos 16h; [21] 


Combining Eqs. 20 and 21 ’ 


5,50, = + V cos + sin ys + 
+ cos ys)w cost — + V cos ys) [22] 


From Eq. 20 and the first of Eqs. 19 
dy; COS + sin 7100; = 
(vy cos ys — doy Sin — Sin yydhy [23] 


After some algebraic manipulation involving the elimination 
of dys between Eqs. 22 and 23 and subsequent substitution 
of the second of Eqs. 19 


+ V cos ys) + sin + 


Hence, the desired derivatives are 


+ (vs yy — Ney sin ys) cos 7 | 
Oh; vy? + cos ys — sin y; 
“ 
+ V cos ys) + sin ys] 
vy? + cos yy — sin ys 


in the inertial reference frame. These derivatives are em- 
ployed in most of the following mission optimizations. 


Apogee Altitude 


Maximizing the apogee altitude is of interest for soun ling 
rockets and for precoasting boost trajectories in the launc ing 
of very high altitude satellites. From the two-body prob em, 
the radius of apogee is 


26 


where, in terms of burnout conditions, the orbit eccentrici| y is 


e= 4/1 — | 2 27] 
+ hy) G(R + hy) 
and the mean distance is 

28] 


where gy represents the central force field acceleration of 
gravity at burnout. In this analysis it is desired to maximize 
the apogee altitude for specified values of Ys. This is achieved 
when the conditions 


dry _ Oa Ob; oa Oe OD; 


-¢ 


are satisfied. Taking the derivatives of Eqs. 27 and 28, these 
conditions become 


hi Oh; 


x — = = 29 


Analytical development of end boundary conditions for 
maximum apogee altitude without the restriction 7; = T may 
easily be achieved. However, an analysis of computed solu- 
tions indicated that convergence difficulties would preclude 
the satisfaction of such conditions. The ultimate apogee al- 
titude extremal can be found by cross-plotting results derived 
from the adopted approach. 


a = — + 
29;(R + hs) — 


Ballistic Range 


Ballistic range of the payload may readily be maximized by 
the proposed method. From the two-body problem, the 
ballistic range angle may be written in the form 


” given by Wheelon (8), is 
cos (7, + $) 


cos Yr 


The ballistic missile “hit equation. 


R +h; _ — cos ®) 
R + h;) cos? Vr 


=0 


7 (vy cos sin ys) w cos toh, = [vs 


7 


— + cos — sin ys 166, [24] 
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R 


cos? 


Considering 7, fixed, the condition for maximum range (6@ = 
0) becomes 


ah. + + hy) — 


Alternately, assuming hy, fixed, the range is maximized when 


- — tan = 
29,(R + hs)(1 — cos ®) 


0 [33] 


Eqs. 32 and 33 are the desired end conditions for maximum 
balli-tic range, with no restrictions on ¥Y, or hy. 


Orbit Altitude 


Maximizing orbit altitude is of interest for ensuring the 
maximum orbit lifetime. Both circular and eccentric type 
orbits are considered in the following analysis. End condi- 
tions for the circular orbit simply state that the payload is 
launched horizontally at the local circular satellite velocity 


4, = — Va(R +h; = 0 [34] 


The optimum coasting time condition, Eq. 14, is often used 


in conjunction with these conditions. 

For increased lifetime of an eccentric orbit, the perigee alti- 
tude must be maximized. The orbit eccentricity is specified 
in this application. At perigee, the radius vector has the 
magnitude R + h; = a(1 — e). Thus, for a specified ec- 
centricity, maximizing the mean distance is equivalent to 
maximizing the perigee altitude; i.e., it is required that 6a = 0 
for de = 0. Now 


> 
ov; ly = 
. . . . . 
which, after substituting the derivatives, yields 
For specified eccentricity an 
de Oe oe 
€ + a7; ah, ty 


which, after substituting the derivatives and writing 6; in 
terms of 6h;, becomes 


bh; tany,\R+h, 


Substituting Eq. 36 into Eq. 35 c 7 


— + tan + (37 
This is one of the end conditions to be satisfied. The other is 
ee -E=0 [38] 

where is the desired orbit eccentricity. 
Loci of constant eccentricity form closed contours on a plot 
of ¥; vs. hy. If the contour for the desired eccentricity en- 
closes a small area, selection of appropriate initial values for 
the Lagrangian multipliers becomes difficult. When this 
situation is compounded by asking for an optimum coasting 
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Eq. 30 yields the error equation for ballistic paths 


where g is the acceleration of gravity at the planet’s surface. 


— cos ®)] bh; sin 29;(R + hs)(1 — cos ®) sin ]. 


cos* 


Yr 
+ h;) sin sin 53 29,(R + h,)(1 — cos 


cos? Yr 


cos? ] =0 [32] 


[31] 


time, the feasibility of iteration to the desired extremal is 
questionable. However, problems involving boost into a pre- 
scribed (mean distance, eccentricity, and inclination) orbit, 
with or without optimum coasting time, may be solved by 
employing the maximum burnout velocity option. 


Hyperbolic Excess Velocity 


Ascertaining the boost program that yields the maximum 
hyperbolic excess velocity is of interest in the direct launching 
of interplanetary spacecraft. From the Vis-viva integral 


it is apparent that the maximum velocity at infinity is 
achieved when the hyperbolic mean distance —a is minimized; 
i.e., when the orbit energy is maximized. Since the orbit is 
conservative, this may be accomplished at burnout, where it is 
assuined that the path angle is specified. Setting 6¥; = 0 in 


Eq. 35, the desired end conditions become 


OO; : 
+ 0 Ty = r= 0 [39] 
Oh; 
A coasting period is not appropriate in this mission. 

It is possible to derive analytical conditions for maximum 
hyperbolic excess velocity without prescribing the burnout 
path angle. However, as in the maximum apogee altitude 
mission, convergence difficulties would result. 


Summary of Mission Optimizations , 


A summary of mission optimizations that may be achieved 
by applying the proposed method is given in Table 1. In 
practical applications, the optimum coasting time end 
condition, Eq. 14, would be used only with those options 
marked by an asterisk. Although the list of missions shown 
in Table 1 is fairly comprehensive, similar analyses might be 
employed to satisfy other specific types of mission require- 
ments. 

It was noted previously that the extremal] surface represents 
the ultimate performance capabilities of the booster and pay- 
load specified. Obviously, the specified payload is the maxi- 
mum payload with which the given booster can achieve any 
of the end conditions on the associated extremal surface. By 
applying this reasoning, the proposed method is used to ascer- 
tain the ultimate payload/mission capabilities of a given 
booster. 


Table 1 Summary of mission optimizations 
End 
Option Maximizes Specify conditions 
1* burnout velocity Poe Eq. 12 
2 hypersonic gliderrange IT, W/SC;, Eq. 16 or 52 
apogee altitude Eq. 29 


32, 33 


4+ ballistic range 
5 Eq. 34 or 52 


5* circular orbit altitude Tr = 0 
6 elliptic orbit perigee al- 


titude E Eqs. 37, 38 
7 excess hyperbolic ve- 
locity Kq. 39 
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Computational Techniques 


Individual trajectories are computed by integration of 
appropriate equations of the set 4, 5, and 9, employing the 
given initial conditions, Eq. 11, with specified values of 
and, sometimes, The desired extremal is found 
by iterating on these specified values until the appropriate 
end conditions (Table 1) are satisfied within prescribed limits. 
Computational aspects of this procedure, coded on an IBM 
704 computer at Convair-Fort Worth, are discussed in this 
section. 


Trajectory Integrations 


All trajectory integrations are performed using the standard 
Runge-Kutta method. Rocket mass flow and thrust are rep- 
resented by the expressions 


[40] 


where 7'z is a time-dependent function. The aerodynamic 


forces are represented by 


Ci = (Cra + K\sin al) sin a 
Cp =Co+Crsina [41] 


where Cpo, Cre and K are prescribed functions of Mach 


number. Atmospheric data are derived from subroutines 
representing a variety of atmosphere models. 

Integration of an extremal (unconstrained) are segment in- 
volves the simultaneous solution of Eqs. 4 and 9. In this 
procedure, the variable a is given by solution of the fourth of 
Egs. 9 which, with the representation of Eq. 41, is a quartic 
having two or four real roots. For economical computer 
operation, it is necessary to write this equation in forms 
suitable for rapid iteration and selection of the extremizing 
root. Hence, when A; < 0, values of a in the principal value 
range are found using 


T + (Cra + 2K| sin a;-1|)gS 
T + qgS(2Cra + 3K| sin a;-1|) cos aj-1 
j =1,2,3,4 [42] 
where the value ap is taken to be either a4( = a) of the previous 
time step or zero for the first iteration of the trajectory. 


In Eq. 48, ao is either as(#a) of the previous time step or 
—(m/2) sgn Xe for the first iteration. When A; = 0 


5 re [44] 


Using Eqs. 42 and 43, only four iterations are required per 
time step to yield the accuracy level |Aa| < 0.01 deg in the 
practical range of a@ values. When the aerodynamic forces 
become insignificant (arbitrarily defined by q < 1), their values 
are not computed and a is determined directly. During coast- 
ing outside of the sensible atmosphere the (ballistic) path is in- 
dependent of a and its values are not computed. 

In selecting the extremizing value of a, as given in Eqs. 42 
through 44, it is necessary to consider the effects of excursions 
from the extremal. In the basic problem, consider a trajectory 


having fixed initial conditions and t;, ys, hy specified. The 
effect of local variations on the final velocity (see Eq. 7) is 


When X,; > 0, @ is found from Be 


ke 
| + 3K| sin a;-;|) sin x (Cia + 2K| sin a1) j= 


givenby 
= 60 + + A36h 


Introducing excursions caused by variations in a, this 


becomes 


— vy’) = [Ab + + Ash 
+ + Ash’) 


where v, represents the final velocity on the extremal, v,’ is 
the velocity that would result by selecting the perturbed « 
value and At is a small time interval. Assuming Aj, is negu- 
tive, the condition for maximum final velocity is that th: 
quantity (Ayo + Avy + Ash) be a minimum; i.e. 


Aw + + — (Aw! + + Ask’) <0 


for all possible values of a. The latter is the Weierstrass /.’ 
function condition for the problem, which was discussed ; 
e.g., in (9and 10). Eqs. 42 through 44 are simply expression: 
of the Weierstrass condition in terms of the pertinent Eule: 
equation and the aerodynamic force definition. Note thai, 
when diy is positive, the associated stationary value is « 
minimum. 

For the aerodynamic force definitions of Eqs. 41, satisfying 
the Weierstrass condition requires that a be a continuou 
function of time between staging points, with two exceptions 
The exceptions are the unlikely possibilities that A, and Az be- 
come zero simultaneously or that A. becomes zero while ), i+ 
positive and either the aerodynamic forces are significant or : 
constraint is in effect. 

Are segments constrained by one of the limits of Eq. 5 are 
computed like preprogrammed (nonoptimal) paths. All! 
equations of the set 4, 5 and 9 are used, with the appropriate 
form of Eq. 5 solved for a, either directly or by iteration. 
The fourth of Eqs. 9 is used to determine A. Transition from 
an extremal to a constrained path occurs when one of Eqs. 5 
becomes an equality. Conversely, the path again becomes an 
extremal when dy becomes zero. Provisions are included for 
satisfying multiple constraints in a given problem; i.e., when 
two or more limits apply the computer finds and uses the most 
critical. 

In addition to extremal and constrained segments, pro- 
visions are also made to compute constant attitude angle seg- 
ments; i.e., y + @ = constant, for prescribed time intervals. 
These are required for ground launchings since the 7 equation 


1, 2, 3, 4 [43] 


and some of the Euler-Lagrange equations are singular whe? 
the velocity is zero. Conditions at the end of constant atti- 
tude angle segments are used as initial boundary values for 
the variational problem spanning the remainder of the 
trajectory. 


Basic Iteration Technique 


The basic iteration procedure used to satisfy the desired 
end conditions was described previously (5) and only a brief 
summary will be given here. In this procedure the desired 
end conditions for an extremal containing an optimal coasting 
period are written as 
E(v,, Yh hy) = 0 hy) = 0 

¥, = 0 


where £ and 7 are the end conditions summarized in Table 1 
and ¢ is reserved for the optimum coasting time condition, 
Eq. 14. An iteration begins with the computation of four 
trajectories, where the first trajectory employs guessed values 
of Aoo*, Aso* and é, to define a reference point. The other 
three trajectories ¢ sesesenceaal the effects on on the end conditions 
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(in the vicinity of the reference point) of individually incre- 
menting each of the initial conditions. Residuals produced by 
the values of Aso*, Aso* and t, used are determined from the 
first trajectory; Ri = &, Re = R, = 01. 

To find the desired extremal, it is necessary that all of the 
residuals vanish. The first correction is based on the as- 
sumption of linear variations between the initial and final 


conditions, i.e. 
|Asr|{ = 


r= 1,2;3 s=1,2,3 


[45] 


{—R,(pr) } 


where Pi, D2, Ps are Ag*, Ago * and ¢, respectively, and 


dt dE 
DAw* DAso* 


l.qs. 45 are solved to determine the next approximations to 
the initial values : = 
Dr’ = Py Ap,’ [47 | 


which are used to compute the fifth trajectory. 
Further corrections are determined by modifying the |A,| 
matrix elements; i.e., the next corrections are 


+ AA —R;(pr’)} 


Ap," [48] 


where 
3 
~ AA = [Rs(pr’) > (Ap,’)? 

r=1 


Il 


Ags = 


and the next approximations to the initial values are 


Pr" = pr’ + Ap,” [50] 


Subsequent approximations are determined in an analogous 
manner, with one trajectory integration per correction. The 
same technique, with appropriate reduction to two parame- 
ters, is used to find extremals without optimal coasting 
periods. 


Convergence 


In any iterative procedure the realization of convergence or 
divergence depends on the quality of the initial values used. 
Improvement of convergence properties implies either an in- 
crease of allowable tolerances in the initial values employed or, 
for a given accuracy in the initial values, a decrease in the 
number of iterations required to satisfy the desired end 
conditions. In either event, the degree of convergence has a 
direct bearing on the computation costs. The inherent con- 
vergence of the basic iteration technique is good. However, 
when this technique is adapted to finding the desired ex- 
tremals, certain worth-while convergence improvements may 
be achieved. 

For best convergence the corrections to the derivatives 
with respect to all three parameters, A2o*, Aso* and ¢,, should 
proceed at similar rates. This is achieved by making all ele- 
ments of a given row in the matrix of Eq. 46 have about the 
same magnitudes; i.e., by use of scaling factors in two columns 
and appropriate corrections to Eqs. 47 and 50. If no scaling 
factors are used, some columns never receive any significant 
corrections. 

Trajectories with burnout at low altitudes are quite sensi- 
tive to the initial values \.* and Aso* because of the effect of 
large aerodynamic forces (high dynamic pressure). This 
sensitivity caused some difficulty in finding extremals for hy- 
personic glider launchings. A significant eee im- 


1961 


[49] 


provement for this mission was realized by taking the fifth 
root of the special end condition of Eq. 16; i.e. 


2 W 


cos 
- — O08 
gR+h) gv t=ty 


Another end condition modification improved convergence 
of the circular satellite launching mission. In this case, the 
special end condition of Eq. 34 was replaced by 


[51] 


+h) +5 tanay=0 [62] 


where € = yy; = O when convergence occurs. With the 
added term, Eq. 52 is more nearly a function of altitude 
alone. 

The first integral of the Euler-Lagrange equations, appli- 
cable during coasting periods when the function f is independ- 
ent of time, suggested another means of improving converg- 


ence. 
4 


This integral 

is identical in form to the optimum coast time end condition, 
Eq. 14. Hence, A33 = 0 in the matrix of Eq. 46 and, for most 
rapid convergence, this term should remain zero throughout 
the iteration. This is accomplished by making AA;; = 0 in the 
matrix modification. Corrections to the other elements of the 
bottom row of Eq. 46 become 


[Rs(pr’) 
AA, = = 
 (Apy’)? + (Ape’)? 


Aw + Ay + Ast = constant 


[53] 


while, for s = 1 and 2, Eq. 49 still applies. 

During long coasting periods the Lagrangian multipliers 
vary significantly, amplifying the effect of poor guesses for 
their initial values. Usually, extreme values of a@ in the 
powered stage(s) following coasting result, often causing 
divergence. This situation was improved by using the con- 
straint of Eq. 5 on |@| for all powered stages following coasting. 
The value Z; = 10 deg was arbitrarily chosen. 

The best way to insure that the iteration converges is to use 
reasonably correct values of and To provide 
such values, special starting procedures are used, primarily for 
the first set of problems involving a given booster. A trial- 
and-error procedure involves specifying Aw* and ¢,, then 
varying \3* to find the approximate value (used in the subse- 
quent iteration) that makes £ become zero or reach a mini- 
mum. Since only approximate values are sought, this starting 
procedure uses twice the normal integration step sizes to con- 
serve computation time. An alternate starting procedure, in- 
volving empirical relationships to define appropriate initial 
values, is being developed. 

All of the above convergence safeguards are obviated when 
an input data error causes a divergent iteration. Computer 
time is conserved in this instance by formulating a divergence 
test that permits the computer to sense a divergent condition 
and stop. In certain other instances the iteration becomes 
neutrally convergent; i.e., the individual trajectory solutions 
oscillate about the desired end conditions. A special test 
allows the computer to sense this condition and to restart the 
iteration, beginning with the best trajectory of those com- 
puted up to the point where the test is made. 


Numerical Results 


The method described has been employed to compute 
numerous extremals for both air and ground launched boost 


vehicles. Two ground launched extremals, exhibiting some 
interesting properties, have been selected for illustrative 
purposes. 
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ere Thrust and Weight Data : have a minor effect on the entire trajectory and that extre- 
ea —Stage I~ —Stage2— —Stage 3— mals had minimal sensitivity to guidance and control errors— 
A B A B A B implied that extremals could readily be simulated by practica| 
Rated thrust, guidance and control techniques. In the interest of verifying 
lb X 10-? 840% 3362 140° 70° 15.12% 7.56" this hypothesis and ascertaining the order of magnitude of per- 
Burning time, formance losses involved, the extremal of rocket A was simu- 
sec 60 150 60 120 60 120 lated as indicated in Fig. 3. The simulation consisted of fou: 
Nozzle exit constant attitude angle rate segments in the powered phases 
g an ft? 25 10 4 2 Jie a, with time spans and magnitudes as noted on the figure, a pro 
2502 280° 280) gram requiring horizon sensors for guidance. In this examp| 
Stage weight, the burnout altitude and path angle were fixed and the simu 
lb X 10-3 219.1 32 6 lated trajectory had a burnout velocity of 56 fps less than tl 
Propellant extremal. Larger velocity discrepancies would result for 
weight, Ib. poorer approximations to the extremal arc. 
xX 10-3 201.6 30.0 
Stage 1 Aerodynamic Data‘ Conclusions 
=" Coo Cte = Coo Cra The flexibility of the indirect methods of the calculus « 
0 0.425 11.6 30 0.791 94 variations in performing mission optimizations for rock 
0.5 0.425 118 60 0609 81 boost vehicles has been demonstrated. This method ha 
09 042 £133 100 0560 80 proved feasible for vehicle evaluations during design studic- 
1.2 1.185 14.5 15.0 0.560 7.3 primarily because of the ability to achieve adequate vehicl 


and mission simulation without excessive computer costs. 

A further comment regarding optimizations for variou- 
classes of vehicles and missions is appropriate. The em 
ployment of variational techniques to achieve such optimiza 
tions provides the most systematic basis for making logic: 
design decisions. On such a basis, the design requirements of « 
vehicle and its subsystems may be established with increase« 
confidence. 


Sea level. 
> Vacuum. 


°K = 0, S = 70 ft?, ARDC 1956 atmosphere. 
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Two rocket vehicles, designated as rockets A and B were a 
used in the computed examples. Pertinent characteristics of = a 

Nomenclature 


these vehicles are shown in Table 2. The total impulse of the 


Boost Rockets 


two rockets is identical. Aerodynamic forces during second Aer = noasle exit area “> 
stage burning were computed using the coefficients for the Cp = drag coefficient, D/qS 
first stage, with S = 30 ft*. C, = lift coefficient, L/gS — 
Extremal Comparisons c = effective exhaust velocity 
D = drag force 
Extremals for a maximum altitude circular, polar orbit g = acceleration of gravity 
were computed for the two rockets. In both cases the orbit h = altitude 
altitude attained was 227 n mi. Time histories of the two i = inclination of trajectory plane 
extremals are shown in Fig. 2, with the associated payloads L = lift force 
and percentages of ideal velocity realized. Altitude effects on Lm = limit value of control function 
thrust, along the respective extremal, were included in the lm = eontrol functions for constrained paths 
calculation of the ideal velocity and the percentages realized P = ambient pressure 
include losses during coasting. Optimum coasting times for Py = ambient pressure at rated altitude 
rockets A and B were 416 and 309 sec, respectively. Initial q = dynamic pressure, (1/2) pv? 
pitch times of 10 and 25 sec, yielding nearly the same pitch R= planet radius 
altitudes, were selected arbitrarily. S = reference area 
The optimum pitch programs during the first two stages T =: thrust 
provide an interesting contrast. Rocket A, having a rela- Tex = equilibrium wall temperature 
tively short burning time required a continuous pitching pro- Tr = rated thrust 
gram (negative a) to best accomplish the mission. Rocket B t = time 
achieved optimum performance by pitching rapidly early in v = velocity 
the flight, then continuing to second stage burnout at positive W = instantaneous vehicle weight 
a values. In this manner, the gravity losses were effectively a = angle of attack and angle between thrust and velocity 
reduced. In regions of high dynamic pressure the magnitude vectors 
of a decreased on both extremals, to reduce the aerodynamic 8 = angle between constrained acceleration vector and normal 
drag losses. At the times of maximum dynamic pressure, the to vehicle longitudinal axis, measured positive aft of 
angles of attack of rockets A and B were 5.8 and 1.4 deg, re- reference : 
spectively. Last stage extremal arcs for both rockets were y = flight path angle, referenced to local horizontal ~ 
similar to the approximate vacuum program derived by Fried p = atmospheric density ; 
(11). = rotation rate of planet 
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Optimum Maneuvers for Launching 


Satellites Into Circular Orbits of 
Arbitrary Radius and Inclination 


United Aircraft Corporation 


Research Laboratories 


4 method of launching an Earth satellite into a circular orbit that does not pass over its launch 
point on a stationary Earth is described. The path followed is a direct ascent using only two thrust 
impulses so that the satellite vehicle follows a single ballistic arc from the first impulse at launch 
to the second impulse at injection into the target orbit. The minimum propulsion requirements 
for this type of trajectory are found as a function of the target orbit to launch-point radius ratio 
and of the inclination angle between the radius vector to the launch point and its orthogonal 
projection on the plane of the target orbit. This maneuver is compared with more conventional 
satellite launching methods which generally involve an initial parking orbit. 
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STABLISHED methods of launching a satellite into 
an orbit of arbitrary inclination to some reference plane 
usually consist of first entering a low altitude circular parking 
orbit which passes directly over the launch point and then 
using a minimum fuel transfer from this parking orbit to the 
desired final orbit, e.g., (1 and 2). The assumption is made 
either implicitly (1) or explicitly (2) that the optimum tra- 
jectory for achieving a high altitude inclined orbit employs a 
parking orbit. One way of testing this assumption, and 
thereby establishing its validity for future mission analyses, 
is to compare it with the simplest maneuver that does not 
utilize a parking orbit, namely a direct ascent using two 
thrust impulses. The simplicity of the direct ascent maneu- 
ver allows a complete optimization of this type of trajectory 
and provides a basic reference against which more complex 
maneuvers, with or without parking orbits, can be evalu- 
ated. Although the study is primarily concerned with 
idealized propulsion requirements, there is some discussion 
of the relative operational advantages of maneuvers utilizing 
parking orbits. 

The study reported herein is an outgrowth of one aspect 
of a report concerning interceptor satellites (3). In (3), 
Edelbaum discusses the significant savings in total character- 
istic velocity that may be realized for certain conditions 
by the use of optimum direct ascent trajectories. The pur- 
pose of this paper is to present in more detail the character- 
istics of optimum two-impulse trajectories for the general 
case of ascent to any inclined circular orbit and to compare 
these trajectories with indirect ascents which use a parking 
orbit 


The analysis of this paper, which is given in detail in Ap- 
pendixes I and II, is carried out for a nonrotating spherical 
Earth. Atmospheric forces are neglected, and all applications 
of thrust are assumed to be impulsive. These results may be 
applied to more realistic cases by assuming that the nominal 
launch point lies slightly above the atmosphere of the planet, 
and by adding gravity and drag losses to the required char- 
acteristic velocity to account for the effects of the atmosphere 
and of the finite burning time. As these losses are relatively 
insensitive to the trajectory for reasonably high thrust to 
weight ratios, an analysis such as the present one can provide 
a good approximation to more complete analyses carried out 
for specific vehicles. 

The geometry of a typical two-impulse transfer is shown 
in Fig. 1. The first impulse is applied at the launch 
point ZL and the second at the intersection with the target 
orbit P. The target orbit is defined by its radius r, and by 
its inclination 7 to the launch point. The inclination is the 
angle between the radius vector to the launch point and its 
orthogonal projection on the plane of the target orbit. For 
the special case of an equatorial target orbit, the inclination 
would correspond to the latitude of the launch point. For 
a specific target orbit, only two independent variables are 
needed to specify the transfer trajectory; the two used herein 
are the range angle ¢ from launch to interception of the target 
orbit, and the launch angle @, with respect to the local hori- 
zontal. 

Optimum trajectories are considered to be those requiring 
a minimum total characteristic velocity to achieve a given 
orbit. Minimum values of total characteristic velocity (Eq. 
5 of Appendix I), and the minimizing values of the two inde- 
pendent variables were found directly on a high speed digital 
computer. 

The minimum characteristic velocity criterion will maxi- 
mize payload for rockets which are restartable. Restartable 
rockets allow the thrust impulses, i.e., burning periods, to be 
distributed independently of the staging arrangement, and 


’ Numbers in parentheses indicate References at end of paper. 
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Fig. 1 Two-impulse trajectory geometry 


the staging optimization may thereby remain distinct fror: 
the trajectory optimization. Nonrestartable rockets require 
an integral number of stages to be burned for each impuls: , 
and thus necessitate consideration of the interaction of th 

staging with the impulse distribution. 


Results of Trajectory Optimization 


Minimum characteristic velocity requirements, nondi- 


_ mensionalized by circular velocity at r; and therefore applic- 


able to any size planet, are presented in Fig. 2 for a range 0! 
values of 7 as a function of r2/r;. These minimum values were 
determined by numerical methods on an IBM 704 computer 
As is known for satellite launching when i = 0 deg, e.g., (4), 
the required characteristic velocity reaches a maximum for 
r2/r; of about 15.6, thereafter decreasing toward an asymptote 
of 4/2 times circular velocity as r; goes to infinity. The 
target orbit radius corresponding to the maximum velocity 
requirement decreases as the inclination of the target orbit 
plane increases until, for i greater than about 45 deg, the 
most difficult orbit to reach has the lowest possible altitude. 

The corresponding optimum trajectory variables are shown 
in Fig. 3. A value of @ of 90 deg represents the case where 
the angle between the plane of the transfer orbit and the plane 
of the target orbit 8 reaches its minimum value which is 
equal to i. This condition minimizes one component of the 
second velocity impulse and might be considered as an ap- 
proximation to the optimum value of ¢. Fig. 3 shows, how- 
ever, that this effect does not predominate, and in general the 
optimum ¢ is not equal to 90 deg. As would be expected, 
the use of trajectories with @ = 90 deg does provide a good 
approximation to the true optimum when 7 is large, but does 
not provide a good approximation when 7 is small. One 
interesting feature of the curves of Fig. 3 is that for i = 0 
the optimum @ always equals 180 deg (Hohmann ellipse) 
except for the case r2/r; = 1. For this special case, @ is 
meaningless since within the assumptions of the analysis 4, opr 
is zero, and the total characteristic velocity is equal to local 
circular velocity. However, by assuming 6 and ¢ to be small 
angles, it is shown in Appendix II that opr approaches 
70.529 deg as 7 goes to zero, as indicated in Fig. 3. 

Another trajectory condition that seems intuitively ad- 
vantageous is the location of the apogee of the transfer arc 
on the target orbit, which would obviate any radial velocity 
correction at the second impulse. This approximation has 
been considered in (5). Comparison of the results of (5) 
with the optimum results of the present paper shows that 
this approximation is poor at low radius ratios. There does 
not seem to be any simple approximation to the optimum 
two-impulse transfer which is valid over the entire range of 
values of 72/1; and 7. 
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Comparison With Other Maneuvers 


The primary purpose of the present paper is to compare 
direct ascent trajectories with indirect ascents which use a 
parking orbit. The indirect ascent considered, entry into a 
circular parking orbit at essentially the original launch radius 
followed by the inclined Hohmann transfer of (6), is used in 
(1) and (2). This indirect ascent requires three impulses. 
The two maneuvers are compared in nondimensional form 
in Fig. 4. It can be seen that the optimum two-impulse 
transfer is superior to this particular three-impulse transfer 
for all inclinations when the radius ratio is small and is in- 
ferior for almost all inclinations when the radius ratio is 
large. The percentage differences in characteristic velocity 
range only up to about 6%, but the absolute differences are 
more significant in terms of vehicle payload capability. Fig. 
5 presents these differences between the characteristic ve- 
locity requirements of the two maneuvers, taking the nominal 
initial radius at 200 n mi above the surface of the Earth. 
Negative values of the difference represent cases where the 
two-impulse transfer requires more characteristic velocity, 
and positive values indicate the reverse. It can be seen that 
the optimum two-impulse transfer never increases the char- 
acteristic velocity requirements by more than about 650 fps 
whereas it can decrease these requirements by as much as 
3800 fps. The significance of these results is demonstrated 
by an example in (3), where a 3800 fps decrease in required 
characteristic velocity increases payload approximately 50%. 

The reason for the significant advantage of the direct ascent 
trajectory at large inclinations can be demonstrated by con- 
sidering the somewhat academic case of launching from the 
North Pole into an equatorial orbit. In this case the transfer 
trajectory can have no component in the direction of motion 
of the final orbit, so that the characteristic velocity is mini- 
mized by minimizing the velocity at both ends of the transfer 
are. Since a minimum energy trajectory will have this 
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Fig. 2. Minimum characteristic velocity requirements of two-impulse trajectory 


: 
property, the optimum two-impulse transfer when the in- 
clination is 90 deg is a minimum energy transfer from the 
launch point to a point on the final orbit. For a low altitude 
orbit, the optimum direct ascent would have a velocity of 
only about 23,000 fps (typical of an ICBM) at each end of the 
transfer arc, whereas a circular parking orbit would have a 
velocity of about 25,000 fps at each end of the transfer arc. 
This is perhaps the clearest example of why parking orbits 
are not always desirable. 

There may be operational advantages to parking orbits, as 
compared with direct ascents, but a preliminary examination 
of this problem has not revealed any conspicuous advantages. 
In most cases the launch azimuths for the two maneuvers are 
not very different so that range safety, tracking acquisition, 
and Earth spin effects should not be too different. If neces- 
sary, the indirect ascent can use exactly the same launch 
azimuth as the parking orbit ascent with never more than a 
5% penalty in characteristic velocity. For large inclina- 
tions, where direct ascents are particularly desirable, this 
penalty becomes negligibly small. Timing considerations 
(for changing epoch angle) for low altitude parking orbits 
fall outside the scope of the present paper, but (1) and (2) 
indicate that even here, the low altitude parking orbit may 
not be especially desirable. 

Perhaps the most serious disadvantage to the direct ascent 
scheme is the larger launch angle required, which will cause 
larger gravity losses compared to entering a parking orbit, 
particularly for vehicles with low thrust-to-weight ratios. 


Twenty Four Hour Orbit 


One of the more important Earth satellite missions is 
launching a 24-hr equatorial satellite from a nonequatorial 
launch site. For Earth this corresponds to an r2/r; of about 
6.25. Reference to Fig. 4 shows that for this radius ratio 
there is very little difference between the optimum two- 
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impulse trajectory and the three-impulse indirect ascent. 
At an inclination of 28 deg, corresponding to launching an 
equatorial satellite from Cape Canaveral, the difference in 
characteristic velocity is only about 500 fps. Although for 
this particular case the two-impulse maneuver requires slightly 
more characteristic velocity than the three-impulse maneuver, 
its simplicity may make it desirable. Any desired longitude 
could be achieved by using the technique referred to in (2) as 
“high-altitude looping,’ which requires one extra impulse. 
Since “high-altitude looping” appears to be desirable even 
when a parking orbit is used, the direct ascent would still 
require one less impulse than would the parking orbit tra- 
jectory. 


Optimum Three-Impulse Trajectories 


Since the two-impulse transfer is often superior to the three- 
impulse transfers considered in the literature, the truly opti- 
mum three-impulse transfer should require even less fuel than 
either trajectory considered here. In particular, the use of 
this extra impulse would probably produce significant de- 
ereases in characteristic velocity for cases where the change 
in inclination is large. This result is indicated by the im- 
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provement in the three-impulse transfer when a four-impulse — 
bi-elliptic transfer is utilized (1). Another indication of the 
advantage of the extra impulse is given in (7) where a transfer 
between inclined circular orbits with the same radius was 
considered. At the present time, the optimum maneuver 
with more than two impulses, as well as the optimum number J 
of impulses for any particular case, remains unsolved. 

However, the available evidence is sufficient to determin: 4 
that the optimum three-impulse maneuver will generally not 
involve a low altitude circular parking orbit. This report 
assumes that only one impulse is used to enter a parking orbi:. 
Since the inclined Hohmann transfer is apparently the opti- 
mum two-impulse transfer from one circular orbit to anothe 
the three-impulse transfers considered herein are apparent! 
the optimum three-impulse transfers using a low altitud: 
parking orbit. However, the true optimum three-impul: 
transfer would never require more characteristic velocit. 
than the optimum two-impulse transfer. Because two of t 
the impulses may be given successively, the three-impul-:: 
maneuver may always degenerate into a two-impulse maneu- A 
ver. Thus, when we speak of a three-impulse maneuver, 
we mean a “not more than three-impulse” maneuver. Sin 
the best three-impulse transfer using a parking orbit is oftei: 
inferior to the two-impulse transfer, it can be conclude 
that the true optimum three-impulse transfer would general], 
not involve entry into a parking orbit. 


Conclusions 


1 Minimum fuel maneuvers for entering inclined circular 
orbits generally do not involve low altitude parking orbits. 
2 The use of optimum two-impulse maneuvers for direct 
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ascent to inclined circular orbits can result in significant 
reductions in required characteristic velocity relative to_ 
conventional indirect ascent maneuvers which involve a low 
altitude parking orbit. 


Appendix I 


Two-Impulse Characteristic Velocity Requirements 


The first velocity impulse is given simply by 7 om 


\ here a is the semi-major axis of the transfer ellipse from L 
to P (Fig. 1). 

At P, the projection of the transfer trajectory on the 
sphere r2 makes an angle 8 with the plane of the target orbit, 
vnd a line tangent to the transfer trajectory at P forms an 
angle 6 with the local horizontal at P. The second velocity 
i npulse is then 


AV: _ _ cos te 
Va = Von cos cos + Va [2] 


ut 


Therefore = 
AVr _ AVs + AVs _ 
Vo Vo 
2 a sin @ a 
[5] 


Minimum values of AV 7/Vo were found as a function of 
a/r,; and @ for given sets of r:/r2 and t.. The optimization 
was done numerically on an IBM 704 computer. Note that 


for given r,/reand 
ix<@ < 180 deg and > H = 


1+ 24 (2) — cos ¢ 
gO ‘ 
For a given selection of a/r; and @ (8) 
To\ 
where 
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where 
= 
sin [9] 
a 
and 
9' 9 
9 
ry 


A’ 
Special Case of r; = r2 

For the case of 7; = re, considering the launch angle 6; and 
the range angle ¢ as the independent variables, it is easily 
shown that 


01 a cos 6; 1+ tan 6; 
tan 
and since AV; = V2, then ; 
AV, AV: _ 1 
Von Vor tan 6, 
cos 6; 
tan 
1 
1 — 2cos 8B 
a tan tan — 
2 
but, for re = 0; = — so cos = cos = cos (6 < 90 
deg) 
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on’? 
cos = [3] | 
sin 
and 
[4 
Vo lo 
( 
= sin? | ——— [8] 5 
i 


sin? ¢ 
cos 1 4 cos? 6 6 
tan 2 tan 9 

From the numerical results it is apparent that as 7 ap- 
proaches 0, dopr does not approach 180 deg. Since this is ; 
in direct variance with the results of the general case, r2/r; > 1 b 
(Fig. 3), it is of interest to define @opr for this special case 
of small i and ro = 7. 

Defining this point graphically by repeatedly solving the | 
above equation would be tedious due to the generally slight ; 
variation of AVr/Vq with @. Sample calculations show that , 
AVr/Vua does rise sharply, however, for @ near 7 or 180 deg : 
— i, since approaching these values of ¢ requires intercepting 
the target orbit at angles which approach 90 deg for any : 
value of 7. Neglecting values of @ close to i (where Oopr : 
approaches 45 deg), it is valid to assume that @opr becomes 
a small angle as 7 becomes small. 

Dropping 6 and 7 terms smaller than first order gives 

cos @ = 1, tan @ = @, and sint = 7 Solving the latter equation for 6opr results in ; 
tans, = 
Now rewriting Eq. 15 for dorr 
(1 — 6?) 7 25, C08 dort cos 2 
tan tan 9 sin? dort 4si 
where second order terms must be kept under the radical og eer ~ i? 
sign. Then 1 
AV 6 sin? dopr ort 
2 tan — 
2 
i? 6 3 
1-2(1- (1 + 6?) 
2 sin? 
which simplifies to 
AV 6 6? 
2 tan = 4 tan? = 
2 2 

To solve for ¢opr will require expressions containing both 
dort and Oopr. Setting the respective derivatives equal to 
zero yields 

a AVr 
Va 6 
ra) 
4 tan? + 
27? cos ort 
=0 (15) 
dor 16 tant + 8 tan? +1 
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which reduces to 
Port 


OPT 
2 Port 2 tan —— 


t 
1 an 


Bort 
sin? 1 + 4 tan? 


=0 [19] 


Neglecting the solution Oopr = 0, which occurs only when 
= 0 and opr is indeterminate, the function within the 
brackets reduces to 


3 cos? dort — 400s dopr + 1 = 0 [20] 


which has roots at cos gorpr = 1 and cos gorr = 44. Ignoring 
he first root (gopr = 0, which is possible only when i = 0), 
cos opr = %, and ¢gopr for this case is 70.529 deg. 
These optimum values result in the following approximate 
expression for the required characteristic velocity, valid for 
small 


7 
1+ + 0.8660: [21] 
Vo 2 


The case of 0 = Oand ¢ = 90 deg, corresponding to entry 
into the best circular parking orbit, would result in a char- 
acteristic velocity of 

yes 
AV, 


01 


Finally, if the orbit was entered at the minimum or maximum 
allowable values of ¢ (7, 180 — 7) the minimum required char- 
acteristic velocities for small 7 would be respectively 


=1+V2=2414 [24] 
Nomenclature 
a = semi-major axis of transfer ellipse 
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= shortest distance from L to P| 4 

= angle between radius vector to launch point, aa its 
orthogonal projection on the target orbit plane 

= launch point, position of first impulse 


l = semi-latus rectum of transfer ellipse 

Fr = point of interception with target orbit 

n = radius of launch sphere 

re = radius of target orbit 

Vo. = circular velocity at rn; 

Ve = velocity in the transfer ellipse at P 

AV, = first velocity impulse 

AV2 = second velocity impulse 

AVr = AVi + AV2 

a = see Eq. 9, Appendix I 

B = angle between transfer ellipse and target orbit projected 
on sphere r;. Also as defined in Appendix, Eq. 10 

A; = angle between local horizontal and tangent to flight 
path at launch 

02 = angle between local horizontal and tangent to flight 


path at intercept, see Fig. 1 


o = range angle: angle between launch point, center of 
Earth, and point of interception sa- ¥ 

= gravitational constant for a body 

Subscripts 


MIN = minimum value 
OPT = independent variable value for which eee charac- 
teristic velocity is a minimum 7 
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With the increase in satellite traffic, a requirement exists for a self-contained or on-board navi- 
gational] system which can determine the six orbital elements of a satellite. 
the detailed mathematical techniques for the updating of the orbital elements of a satellite. The 
approach used is essentially the method of differential corrections applied to on-board measure- 
ments made of the local vertical by a horizon tracker gimballed to a pair of star trackers. 
numerical examples and accuracy figures are developed to show that the method yields accurate 


This paper develops 
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ITHIN the next decade the satellite traffic, consisting 

of scientific and military satellites originating in the U.S. 
and abroad, will increase and saturate ground based systems 
used for satellite navigation. Also, manned satellites, which 
will certainly require on-board navigation systems, are not 
far from being a reality. Thus the development of self- 
contained satellite navigation systems appears inevitable. 


The Navigation Problem 


In its simplest form, the satellite navigation problem con- 
sists of two basic parts: point dynamics, defining the motion 
of the spacecraft, treated as a point mass, around the geo- 
center; and rigid body dynamics, pertaining to the sensing 
and establishment of the satellite attitude with reference to a 
previously selected reference coordinate system. The solu- 
tion of these two problems is largely affected by practical 
considerations relating to the mission of the satellite, the 
equipment design considerations, and the time period during 
which the navigation system is desired to operate. 

The referenced literature describes many self-contained 
satellite navigational schemes. Some of the promising 
schemes for satellite position and attitude sensing (1)* are: 
V/H, velocity over height technique; differential star aberra- 
tion; occultation of the stars by the moon; solar-lunar track- 
ing; and star-Earth tracking. The selection of any of these 
schemes is often based on considerations such as the achiev- 
able accuracy; size, weight and power requirements; the 
complexity and degree of data processing; ability to with- 
stand space environmental considerations; cost; produci- 
bility, and—perhaps the most important of all—reliability 
over a prolonged operating period, and overall system sim- 


plicity. 
Suggested Navigation System Configuration a” 


This paper is built around the concept of sensing the satel- 
lite attitude by means of a prime reference established by a 
pair of star trackers; direct measurements, over a period of 
time, of the local geocentric vertical by means of a horizon 
tracker; and determining the orbital elements by a precision 
time reference and a data processing computer. 

The basic conceptual feature of this approach is that suit- 
able stars are preselected and tracked. The initial star lock- 
on can be achieved by orienting the satellite from the injection 
guidance subsystem’s gyroscopes. Once this lock-on is 
achieved, it is continually maintained to obviate a complex 
search and identification process implied by loss of orientation 
resulting from extended shutdowns of operation. 


’ Numbers in parentheses indicate References at end of paper. 


ale 


Fig. 1 Basic geometry of the suggested method 


A typical design of a lightweight star tracker is described 
in (2). Two star trackers are locked on to two known stars 
S, and S, as shown in Fig. 1. The selection of the stars S, 
and S; is based on the techniques described in (3). A coordi- 
nate reference frame consisting of three mutually perpendicu- 
lar vectors C,, C2, Cs is rigidly connected to the two-star 
tracker telescopes, which are represented by the vectors P 
and P, in Fig. 1. With the star trackers locked on to the 
stars S, and S:, the orientation of the frame (C;, C2, Cs) in in- 
ertial space is known. To avoid large errors in measurement 
of angle @ resulting from orientations in which angle ¢ is nea: 
zero it is assumed that this orientation is such that the vectc» 
C; is approximately normal to the plane of the orbit. 

The azimuth and elevation angles @ and @ between th 
inertial frame C,, Co, C3 and the local vertical are measure: 
by means of a horizon tracker. A number of horizon tracke1 
have been described in (2, 3, 4 and 5); such trackers permi: 
the establishment of a vector between the satellite, as a poin 
mass, and the center of the circular horizon as seen from th: 
satellite. 

Horizon trackers employing infrared sensors are general 
more desirable than those using the visible part of the spev- 
trum, since the former sense the entire circular part of th: 
horizon due to the thermal considerations, whereas the latte 
devices require compensation for partial illumination o: 
shadow effects. 

The analysis that follows is applicable to any type 0: 
horizon tracker, so long as it establishes the local vertica 
based on observation of the local horizon. The horizon 
tracker may be equipped with gimbal pickoffs for measuring 
the angles @ and ¢in Fig. 1. 

Discussion of the time measurements and data processing 
computer is postponed until after a full description of the 
theory of the suggested method is given; such considerations 
will be developed in a subsequent paper. 


Theory of the Suggested Self-Contained - 


Navigation System 


In the ideal case of an exact knowledge of the force field 
about Earth, one would be able to precisely determine the 
trajectory of an Earth satellite if exact values of the position 
and velocity of the satellite at some instant in time wer 
known. In practice, of course, neither of these requirements 
ismet. Approximate values of position and velocity are used 
as initial conditions for the integration of equations of motion 
derived from an approximate model of the force field. This 
process results in predicted values of position and velocity 
which contain errors that grow with time. The method of 
navigation presented in this paper reduces these errors by 
using a large number of measurements of the direction of the 
local vertical to obtain better estimates of the initial condi- 
tions and by limiting the time period over which the force 
field model is used to predict position and velocity. 

The force model chosen for this paper is the Jeffreys model 
of the oblate Earth. This model neglects atmospheric drag 
and perturbations such as the influence of the moon, but these 
effects appear to be negligible for typical Earth satellite tra- 
jectories for periods of time corresponding to at least several! 
cycles of the satellite. If the only requirement is that the 
model give a satisfactory representation of a satellite’s tra- 
jectory for a couple of periods, the assumed model is probably 
adequate for the present purpose. 

Having chosen the force field model the problem of tra- 
jectory determination reduces to that of determining the six 
initial conditions of position and velocity, henceforth referred 
to as the orbital elements. 

Let us suppose that n measurements of the angles 0 and @ 
are made using the basic geometry shown in Fig. 1. The data 
will then consist of the triples 
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where ¢; is the time at which the 7th measurement is taken. where ¢; = time of ith measurement. 

We now desire to use this data to determine which trajectory For convenience in notation we define the followin ing aan 
among all those possible under the chosen force field model ties 

conforms most closely to the direct measurements. Each 7 
of the angles 6 and ¢ is a member of a six parameter family of _ — 4 (t;) = O(a;*, ..., ae*; ts) [5] 
curves in the time domain, that is = : 


6 = 


where Q2, a3, etc. denote the values of the 
The following section describes a method of calculating those S(t) = E Ole .. <;mtt |}, [8] 
values of the orbital elements which describe the curves aici > a. = a* 


best fit the measured data. 


j = 1,2, 3, 4, 5, 6, k = 1, 2, 3, 4, 5, 6 — 


= If we assume that the approximate values of the initial 
conditions are close enough to the true values that we may 
neglect all terms higher than first order in a Taylor series 


Caleulation of Orbital Elements 


\ criterion is needed for deciding when curves of the form | 
given in Eqs. 1 and 2 fit the measured data as closely as 


possible. The criterion chosen is that the quantity L, de- expansion of @ and ¢ about ai", as*, . . . , ae*, it then follows 
fined by the equation 
04,5, 6) = 2 [9( = 0; }? + [3] 
i=1 
should be as small sible is 
should be as small as possible — that 


where 


6 
..., a6; ti) = O.(ti) + — a;*) [9] 
n = number of measurements 
= ith measurement of 0 6 
= ith measurement of (a1, ..., a6; ti) = (ti) + Jits(a; —a;*) [10] 
i; = time of ith measurement j=) 


Substituting into Eq. 3 we obtain 


j=1 j=1 


It is necessary to compute the values of a, ..., as which 
The trajectory of the satellite will be computed with respect minimize L. Defining the quantity £; by _— 
[12] 


to an Earth centered inertial coordinate system (C,’, C2’, Cs’), ts = a; — a;* 

which has its eoordinate axes parallel to the frame (C;, Co, Cs) 

described in Fig. 1. Let 2, y, z denote the components of one can see that a necessary condition for L to be a minimum 
satellite position and , y, 2 denote the components of satellite 1S 


velocity in this Earth centered coordinate system. ee 
Suppose that approximate values for position and velocity = — = 0 k=1,2,3,4,5,6 


at time t) are known and let these values be used as approxi- 7 : 


mate orbital elements. Denote these approximate orbital Pe ; he ind; ; ae ; 
* Ag will be shown later. it is erforming the indicated differentiations and rearranging the 


elements as a;*, ao*,... , 
following six linear equations in the six unknow ns, &; are 
obtained 


6 n n 


j=li=l i=1 
2 é 5 ) rele 
then possible to use the force equations resulting from the ek = 1,2,/3;4, 56. welt 
Jeffreys model to obtain values for 7 
bi 
[14] 
j = 1,2, 3, 4, 5,6 and C be the 6 X 6 matrix whose (k, 7) elementis 
— O(a,,..., ae; ts) |ae = a 
oa; 


Cy = [K (t:)Ky(ti) + Se(ts) J, (ts) [15] 
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dy = — Kults) + (Gs — (171 


t=1 


— k = 1, 2, 3, 4, 5,6. Then the equations can be expressed 
in matrix ‘form as follows 


E=C 


where is the inverse of the matrix C. 


a 

ae 

é= a* 


orn ~ 
It follows that 
[21] 


The matrix é given by this equation will in general provide 
a better estimate of the orbital elements than the matrix a* 
does. If advisable, the value of @ would then be used in place 
of a@* in the foregoing procedure to obtain an even better 
estimate. 

The process of obtaining a better estimate of the orbital 
elements is reduced to the problem of obtaining the elements 
of the matrices C and d and then solving Eq. 21. Examina- 
tion of Eqs. 15 and 18 shows that in order to obtain these 
matrix elements it is necessary to have values for 6-.(t;), 
o-(t:), K;(t;) and J;(t;). A method for obtaining these values 
follows. 

Let %1, 92, gs be the direction cosines of Earth’s axis with 
respect to the frame (C,’, C2’, C3’). 

Let on quantities be defined 


r=Vrt+yt2 [22] 
U = (qx + gay + 9s2)/r [23] 


Then the normalized force field derived from the Jeffreys 
oblate Earth model is given by the equation 


F(z,y,z) = + Fo(x,y,z)Ce + Fs(a,y,2)Cs’ [24] 


where 


_ JRAf(x 5U% 


F\(z,y,z) = 9 R. | 


where 
g = 32.145 ft/sec? 
«R= equatorial radius of Earth, 3441.69 n mi 
= 1.637 10-9 
= 10.6 


| 


Similar expressions hold for F; and F;. From these ex- 
pressions it may be seen that the equations of motion of a 


952 


5 72 ‘ 
(3 
7 r r 


point mass acted upon by this force field are 


i= Fy (x,y,z) 
i= F,(2,y,2) 
2 = F;(z,y,z) 


Using the initial conditions a,*, . . . , a6* these equations may 
be integrated numerically to obtain values for z, y, z, #, y, 2 
at any desired time. Since the values obtained will depen: 
not only upon the time, but upon the initial conditions used, 
we may express the position and velocity as functions of the 
orbital elements and time, that is 

t= x(a, » 6; t) {28} 
with similar expressions for the other position and velocity 
coordinates. In particular, the value for one of the coordi- 
nates, say x, found by integrating to time ¢; using initial condi 


tions a;*,..., ae* would be 
| 
which value we define as x*(t;) with y*(¢;), etc., defined in a 
similar manner. 
Examination of Fig. 1 shows that the following relationships 
must hold 


... 


cos 6, = —y/V 22+ y? 
= 
cos 06. = —2/V 2? + y? +22 


2. 
5 

| 


By substituting of the values x*, y* and z* into Eq. 30 and 
using fixed table look-up or other methods of obtaining in- 
verse trigonometric function values we may obtain 6,(¢;) and 
-(ti). 

It should be noted in the foregoing that the values obtained 
for 6. and ¢, are the values at times corresponding to times of 
observation of the angles 0; and ¢;. It is now necessary to 
obtain values for the partial derivatives of 6, and ¢, at the 
times of observation. 

Noting again that the values of the position and velocity 
coordinates obtained by the integration process that has been 
indicated are functions of the initial conditions and time, 
let us define the following 36 quantities 


ra) 
ra) 
E y(a,..., Ge, 


fa;(t) 


fei = 


for j = 1, 2, 3, 4, 5, 6. Then the following system of 36 
differential equations must hold 


(d/dt)fijs(t) = fas) 
(d/dt)fo;(t) = fo,(t) 
(d/dt)fs;(t) = fej(t) 


oF, oF, 


OF, 
full) = + fo;(t) + 
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CE=d [18] 
given b xpressions 
a,;* 
a,* 
‘ 
g= | 
* 


d 
= 


 fuld y t) full) 


forj = 1, 2, 3,4, 5,6. From Eq. 25 explicit expressions may 
be obtained for the factors OF ;/Oz, OF ;/Oy, OF ;/0z, 7 = 1, 2, 3. 
Then using the initial conditions 
= 1 

[fislt=to = 9 


ay*(r + (m + 1)T) 
ag*(r + (m + 1)T) 


I qs. 82 may be integrated numerically to time ¢; and values 
o tained for 


faj(ts) 
j= 1, 2, 3, 4,5, 6 


by differentiating Eqs. 30 the following relationships may be 
obtained 


06. y x 
4 
oa, 


for j = 1, 2, 3, 4, 5,6. By substituting the values for ye 


2* and fi;(ti), fos(ts), fa;(ti) we obtain 


08. 
K,(t) = | — 
Od. 
| =ti 


and therefore are able to construct the matrix elements of | 


C and d for time ¢;. 


System Flow Diagram 


The process of updating the orbital elements can be de- — 
At the beginning, let the approximate — 


scribed as follows. 
orbital elements be a;*, . . . , as*. These elements can be 
obtained by any of the following methods. 

Use of injection guidance system, especially if the system 
is to begin computing immediately after injection into orbit. 

Crude establishment of range and angle, and hence the 
orbital elements, by horizon tracker angular subtense meas- 
urement. 

Measurements of angles between C,, C, and C; and two 
known satellites. 

RF tracking and measurement from another platform, such 


as Earth, and transmission of orbital data by a sseaenceal : 


tion link. 
1961 


+ dy fo;(t) + 


aw 


Detailed discussions of the first and last of the foremen- 
tioned are outside the scope of this paper. The second and 
third methods are of considerable interest and will be the 
subject of another paper. 

Let time t = 7 be the time for which the approximate orbi- 
tal elements are known and let the period of updating or data 
smoothing be 7. For times between tr + mT and r + (m + 
1)T, where m is some integer, the system is in the state shown 
in Fig.2. Atté=7r+(m+1)T 


a*(r + mT) + mT) a3*(7 + mT) 


a,*(r + mT) as*(r + mT) ag*(r + mT) a 


are erased and replaced by 
+ (m + 1)T) as3*(r + (m + 1)T) 
as*(r + (m+ 1)T) ag*(r + (m + 1)T) 


The data in storage are erased and new data are semaeah in dur- 
ing the time interval 


(m4 2)t 


In an unmanned satellite, the computer equipment and its 
design presents a very difficult problem. The approach to 
computer design must be to pursue scrupulously a data 
processing simplification program, and when this simplifica- 
tion is at or near the envisaged minimum, an extremely reli- 
able computer hardware design must be developed. 

If the required data processing problem is so complex that 
reliability considerations forbid a completely self-contained 
satellite computer, then a compromise solution might be to 
mechanize input and output equipment in the satellite 
equipped with a telemetry system to the ground, where the 
primary data handling would be done by computers which 
have the advantage of regular maintenance. This may be 
called a “partially self-contained system” and, of course, 
defeats some of the ground rules on which the original objec- 
tives of completely self-contained navigation were established. 


Accuracy of Orbit Determination 


The accuracy with which the star tracker geometry is mech- 
anized is equivalent to a bias error in the reference coordi- 
nate system. This uncertainty can be reasonably specified 
as a value under 10 are sec and, with special care, made as 


small as 2 are sec. 


> 
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| 


[ Compute a,* (7+(m+t1)T) +(m+1)T) 


Fig. 2 Flow diagram of updating orbital elements 
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follows. 
> Irregularities of Earth’s surface. 


Refraction of the radiation by the atmosphere. 

Horizon tracker sensing of the horizon discontinuity at some 
height above the actual surface, due to atmospheric effects. 
This is to be distinguished from the errors arising in the loca- 
tion of this discontinuity by the horizon tracker. 

Errors intrinsic to the horizon tracker. 

Errors due to the uncertainty in the horizon tracker loca- 
tion of the horizon discontinuity; and errors in the angular 
references (scanning systems). These two items are to be 
associated with particular trackers and their sensor spectral 
response characteristics and other parameters which are well 
defined. 

Errors in the electronic conversion of the sensed horizon into 
angular or range data. 

Reference (6) describes detailed examination of the horizon 
tracker errors. The statistical analysis of a few cases suggests 
that horizon tracker accuracies of 6 arc min or 0.1 deg are 
very reasonable. 

The angle pickoffs which relate the horizon tracker pointing 
direction to the reference coordinate system established by 
the stars are realistically obtainable in the form of multiple 
resolvers having fairly reasonable performance factors, with 
resolutions of less than 5 are sec. 

The cumulative effects of these prime measurements are 
errors in the angle measurements of Fig. 1. 

Let 6;’ and @¢-’ be the actual values of @ and ¢ at time ¢ 


where ¢; and 6, represent the errors in direct angle measure- 
ments. 

To obtain an idea of the accuracy of the forementioned 
method of orbit determination, it is assumed that «4, €, ..., 
€n, 61, 62, ..., 6, are a random sample from a normal popula- 
tion with mean 0 and standard deviation c. 

Let a;’, ao’, a3’, as’, as’, as’ denote the actual values of the 
orbital elements. Let 


= [(6! — Kilt) + (6? — belt) Felt) [38] 


i=1 
Let 
re 
Then a’ = 4* + Cd’. In the orbital guidance system, one 


calculates @ from the equation 


Therefore 


Define 


The errors in the horizon tracker measurements can be 
divided into two groups, each of which is subdivisible as 


Errors independent of intrinsic horizon tracker accuracy. 


Oblateness. 


i=1k=1/=1 
But 
= Ki (ti) + (ti) [46] 
i=] 
Therefore 


- That is, the standard deviation of the error in the calculation 


and denote (-! by B = [Bjx]. One then has 


Aa; = Bye — + (Gi? — 
=1 t=1 
= > Bir (x + 
k=1 i=1 
i=1k=1 
Since it is assumed that &, €, ..., €n, 51, bo, ..., 5, are ran- 


dom samples from a normal population with mean 0 and stand- 
ard deviation o, it follows from a theorem of statistics that 
Aa; will be normally distributed with mean 0 and standarc 


deviation given by wer 
i=] k=1 1 


Therefore by squaring the sums as indicated and grouping 
terms appropriately we obtain 
n 6 


o(Aa;) = o X 
2. By Kilt) Kits) + [45] 


l=1 k=1 


But B = = a 1 therefore BC = [1], the unit matrix, and 


fi when j = I 


a(Aa;) = VE, (50) 


Therefore 


of the orbital element a; is just the square root of the jth 
diagonal term of the matrix (~ times the standard deviation 
of an individual measurement. 

One now proceeds to calculate some numerical values for 
o(@;), o(@2), o(as), o(as), o(as). In carrying out this 
program, it is found helpful to assume that the only force 
experienced by the satellite is due to the inverse square field 
of a spherical Earth, and that the satellite is in a near circular 
orbit. Suppose that 


a,* = = —r* 
= yo* = 0 
a”? = 0 
a;* = = —V* 
= = 


That is, the approximate knowledge of the orbital elements 
corresponds to a circular orbit of radius r* and velocity V*, 
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4 
= 
= 
Aa; = — aj [42] 


Suppose also that t: = 0, (i.e., time is measured from the 


taking of the first measurement). Let 


r* r* 
_ 


Then, under the assumption of an inverse square field only, 


one has 
Ky(t) = — 2 sin wt)/r* 


K,(t) = (1 — 2 cos wt)/r* 
K;(t) = 0 

K,(t) = (2 — 2 cos wt)/V* 
K;(t) = (80t — 4 sin wt)/V* 


K,(t) = 0 

wt 

Jo(t) = 0 
J3(t) = cos wt/r* 
=0 
=90 


J,(t) = sin wt/V* 


It is assumed that n measurements are made at equal time 
intervals over a single cycle. 


14 + 127? 
r*2 
as 
0 
C=n 
te 
| 


C— will then be the following matrix = 


3x? + 32 307 > 


ve y* 


36x? — 108 


On(3x? — 18) 


1961 


- The kjth element of the matrix C is given by 


? 
Therefore 
22 + 127° 
. 0 
3m 
*y* 
0 0 
: 6 
6x 32 + 127? 
ve 


let T* = #3/2 be the orbital the 
circular reference orbit. 

Let At be the time spacing between individual readings. 
Then 


= T/n [54] 


= (Kilt) Kilts) + Salt (ts) 
i=1 
n 
= —> (Ki(ti) Aj + At 
i=1 


It is assumed that n is large enough so that the last sum 
can be approximated by the integral 


J + ;(t)) dt 
0 


One then has 


Jo (Kult) + Ju SD) (66) 


‘on 


Ju 
] 
0 0 0 
0 — 30% — 22 
122? — 72 
— 307 —30n? + 72 0 27x? — 54 = 
r*y* r*y* r*2 rt? 
—3n*? — 22 —24r 0 24x 3x? + 14 0 
r*V* r*V* r*2 r*2 
12x? — 72 
0 0 0 


Thus, one obtains 
_ (8x? + 32) r* 
= 18) Vn” 


(3672 — 108) 
— 18) Vn 7 


= 


— 72) r* 
‘ (127 72) 


2(34? — 18) Vn 


o(Aay) = 


2(3x?—18) +/n 


(27x? — 54) V* 
2(34? — 18) Vn” 


|(12"?—72) V* 
2(3x? — 18) +/n 


Simplifying these expressions, one obtains 


ments can be determined, take 
= 1 min = 1/3430 radians 
= 4900 miles 
= 23,400 fps 


One then has 


o(Aa;) = 420 ft 
o(Aaz) = 840 ft 
a(Aas) = 370 ft 
o(Aa,) = 0.71 fps 
o(Aas) = 0.32 fps 
= 0.33 fps 


Conclusions 


The mathematical theory has been established for the up- 
dating of orbital elements of a satellite by observing the loca 
vertical with a horizon tracker gimballed to a primary inertia: 
reference frame of coordinate axes established by a pair of star 
trackers in the satellite. A simple error analysis indicates 
that the smoothed values of the orbital elements are prom- 
isingly accurate. 

Detailed considerations of system design and mechanization 
7 of the data processing functions, as well as comparison of th« 
overall system with other self-contained navigation systems. 
are expected to be covered in subsequent papers. _ 
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